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Abstract
Numerous industries require electronics to operate reliably in harsh environments, such as
extreme high temperatures (HTs), low temperature (LT), radiation rich environments, multiextreme, etc. This dissertation is focused on two harsh environments: HT and multi-extreme.
The first study is on HT optoelectronics for future high-density power module applications.
In the power modules design, galvanic isolation is required to pass through the gate control signal,
reject the transient noise, and break the ground loops. The optocoupler, which consists of a lighting
emitting diode (LED) and photodetector (PD), is commonly used as the solution of galvanic
isolation at room temperatures. There is a need to develop high-temperature optoelectronic devices
to meet the high-density power modules' isolation requirements with wide operating temperatures.
In this study, different commercial LED epitaxy materials have been analyzed. All
materials are multiple quantum-based (MQWs) with indium gallium nitride (InGaN) and
aluminum gallium indium phosphide (AlGaInP). The InGaN-based are with blue for lighting and
display (BL & BD) and green for display (GD) applications, while the AlGaInP with red color for
display (RD) applications. All these materials are studied and compared to evaluate if they can
satisfy the optocouplers' light output requirements at HTs. Temperature and power department
photoluminescence (PL) spectroscopy were conducted in temperatures ranging from 10 to 800 K
to estimate the spontaneous emission quantum efficiency (QE) for these materials using the ABC
model. The highest peaks of QEs were obtained from GD, followed by BD, BL, and RD. After
studying the materials, LEDs from the same materials have been characterized by a wide range of
temperatures for their emissions and spectral responses. The study demonstrates that LEDs can
serve as a light source and detection (PDs). The results demonstrate the possibility of integration

of LED-PD to fabricate HT optocouplers. It is worth to mention that red-red devices showed the
best performance due to high overlapping in the wavelength between LED and PD.
The second study is on multi-extreme environments, such as space environments. The
unique bandgap-engineered features of silicon-germanium (SiGe) heterojunction bipolar
transistors (HBTs) suggest an important opportunity to survive with multi-extreme environments
simultaneously. In this study, SiGe films have been grown using chemical vapor deposition (CVD)
on Si (100), Si (111), and c-plane sapphire substrates. Structural and optical characterizations were
conducted on the grown films. The Si composition was up to 29.37, 23. 39, and 22.4% Si for films
produced on Si (100), Si (111), and c-plane sapphire substrates. X-ray diffraction characterizations
show that the SiGe films are oriented in the (111) direction on the sapphire (0001) substrates.
However, 60-rotated twin defects are observed as well. Transmission electron microscopy (TEM)
shows the crystalline growth of the film grown on sapphire substrates. The high surface roughness
observed in the TEM images and the atomic force microscopy scans of the films indicate the
formation of two different orientations of SiGe on sapphire substrates.
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Chapter 1 Introduction
1. Introduction and Background
1.1 Extreme Environment Electronics
In recent years, many investigations have been conducted into extreme-environment
electronics due to its importance in the industry. Billions of dollars are dedicated to the extreme
environment electronic industries to propagate beyond the traditional commercial and military
electronics specifications. In 2005, the high-temperature electronics market was expected to be
over $17 billion [1]. By definition, extreme environment electronics are small-sized systems with
significant value-added offers that are exceptionally valuable for harsh environment applications,
however pricey to set and operate. Some of the severe condition’s environments are extra
challenging than others. Among the various kinds of extreme conditions, the following are the
highest significance on the design and functioning of electronic devices and systems [1,2]:
I. Low-Temperature Environment
Generally, any temperature lower than the traditional industrial temperature range design
(273.15 to 358.15 K) or the military design temperature range (218.15 398.15 K) would be
believed in a low-temperature extreme environment. Cryogenic is also another name for lowtemperature environments because of the common usage of liquid cryogens to achieve them (e.g.,
liquid helium = 4.2 K and liquid nitrogen = 77.3 K). Several desirable physical effects require to
function in cryogenic environments, such as superconductivity. Moreover, numerous planetary
bodies need cryogenic environments; for example, Mars' poles can reach 130.15 K in winter.
Furthermore, deep space applications, such as electronic detectors of the James Webb Space
Telescope, operate at 27 K. Additionally, many electronic instrumentation packages involve
working at cryogenic temperatures to enhance system sensitivity because transistor noise scales
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linearly with temperature. Also, the dark current in detector diodes reduces exponentially with
temperature. Therefore, cooled detectors are noticed in several applications involving medical
imaging systems, astronomical instruments, satellite receivers, and even high functioning
computer systems [1,2].
II. High-Temperature Environments
Typically, temperatures higher than the standard commercial and military temperature
range of 358.15 K and 398.15 K, respectively, are high-temperature extreme environments. Many
examples include automotive electronics, various on-engine aerospace electronics systems, energy
exploration (e.g., oil and gas well drilling), and the power industry are operated with temperatures
between 473.15 to 573.15 K. Some space explorations need extremely high temperatures (the
surface temperature of Venus can reach 873.15 K) [1,2].
III. Wide Temperature Range Environments
A classic illustration of an environment obliging wide ranges of operating temperatures is
the Moon. Its surface temperature in straight sunlight exceeds 393.15 K. During the night, it falls
under 43.15 K, particularly within shadowed polar craters. The higher and lower limits of the
temperature range in such applications might not by themselves be the harshest. However, systems
that need to operate in a wide range of temperatures or cycle temperatures should be more harmful
than the higher or lower limits of temperatures. The rate at which thermal cycles occur could also
be a significant concern, and thermal shock can be considerably more problematic concerning
long-term reliability than elevated or low fixed operational temperatures [1,2].
IV. Radiation Rich Environment
The three most essential groupings of radiation effects. First, ionization effects, which
occur by high-energy charged particles that ionize materials as they pass through. Second,
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displacement effects, which arise from the displacement of atoms or nuclei by high-energy
particles. Third, the total dose naturally charges dielectricity, affecting growing parametric swings
that reduce a device failing. Radiation-rich environments are primarily generated in space
applications, nuclear power plants, and biomedical instruments [1,2].
V. Multi-extreme Environments
More than one type of extreme environment can be called multi- extreme environments; it
is the most common situation. Various harsh environments combine different extreme conditions,
such as severe high temperatures combined with radiation-rich environments or intense high
vibration pressure with extremely low temperatures. A perfect example is the moon's surface. Lowtemperature conditions (43.15 K) merge with high temperature (393.15 K) and radiation effects
because of solar winds and galactic cosmic rays; all these severe environments need to be
addressed simultaneously. These various harsh environments and the related applications highlight
the need for developing microelectronic devices that can meet application needs in the anticipated
environmental conditions [1,2].
1.1.1 High-Temperature Electronics
Various industries are demanding electronics that can function consistently in harsh
environments, such as extremely high temperatures. Usually, engineers had to depend on passive
or active cooling when creating electronics that need to operate beyond conventional temperature
limits. However, in some applications, cooling may not be feasible. It might be more attractive for
the electronics to operate at high temperatures to enhance system reliability or lower cost. Working
electronic components at temperatures higher than their specified temperature range gives
challenges that influence several aspects of the electronic system, involving the semiconductor
devices, packaging, requirement methodology, and design methods [3].
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1.1.1.1 High-Temperature Semiconductor Materials
Wide bandgap (WBG) semiconductor materials have earned interest for extreme harsh
environment applications because of their attractive electrical and mechanical properties as well
as chemical inertness. The prospects of employing different semiconductors for severe
environment applications are shown in Table 1.1 [4,5]. Silicon carbide (SiC), group III-nitride
(GaN, AlN, InGaN, etc.), diamond, zinc oxide (ZnO), and gallium arsenide (GaAs) materials are
candidates for high-temperature applications. SiC, GaN, AlN, and diamond have high extremely
high melting points needed for high-temperature applications. Besides, the high energy gap in
contrast to Si allows these materials to retain their electrical stability at high temperatures. Si is
restricted to operate with temperatures below 473 K caused by thermal carriers' generation and
voltage breakdown of dielectrics [5]. WBG materials also show inherent radiation hardness and
sensitivity to the ultraviolet (UV) and visible spectrums, which is beneficial in designing optical
photodetectors. Moreover, the acoustic velocity (ratio of Young's Modulus to density) of WBG
materials is advantageous in the design of high frequency, high bandwidth mechanical resonators
and sensors. Furthermore, AlN and GaN are non-ferroelectric materials with no Curie point so that
they can preserve their piezoelectric properties at superior temperatures [6,7]. The often-used
ferroelectric piezoelectric materials, such as lead zirconate titanate (PZT), are constrained to
function with temperatures below 573 K because of the Curie point depolarization [8].
Piezoelectric materials can be employed as actuators or sensing elements. It should be mentioned
that even though diamond has weak chemical stability (prone to oxidation), its high thermal
conductivity (20 W/cm-K) can be used for heat-tolerant packaging topographies [9].
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Table 1.1. Summarizing the material properties of silicon (Si), gallium arsenide (GaAs), aluminum
gallium arsenide (AlGaAs), gallium phosphide (GaP), silicon carbide (SiC), gallium nitride (GaN),
diamond, and aluminum nitride (AlN), diamond
Property (units)
Si
GaAs
Band Gap (eV)
1.1
1.3
Melting Point (K)
1685 1511
Thermal
1.5
0.5
Conductivity
(W/cm.K)
Breakdown Filed
250
300
(kV/cm)
Coefficient of
2.6
6.7
Thermal
Expansion
(x 10-6/°C)
Electron Mobility
1400 4000
cm2/V.S @ RT
Hole Mobility
600
400
cm2/V. S @ RT
Electron Saturation 1.0
1.0
Velocity(x107cm/s)
Dislocation Energy 13
9
(eV)
Young’s Modulus
190 84.8
(GPa)
Acoustic Velocity
9.1
2.83
(x10 m/s)
4.7
Yield Strength
7
6.8
(GPa)
Chemical Stability Fair
*Sublimation point
* *Phase change

AlGaAs
1.9
1577
0.1

GaP
2.34
1743
0.8

SiC
3.0
3103*
4.9

GaN
3.4
2773
1.3

Diamond
AlN
5.6
6.2
2743
4273**
20
5.0

500

1100

2500

5,000

10,000

10,000

5.73

4.65

4.5

3.7

0.8

4.0

3000

350

250

1500

2200

300

100

50

350

1600

14

1.0

1.25

2.0

2.0

2.7

1.4

9

-

22

-

-

-

130-188

103

450

390

1035

340

-

-

11.9

8.0

17.2

11.4

-

7.7

21

10.2

53

17.7

-

--

Excellent

Good

Fair

Good

ZnO is also predicted to be employed for high temperatures. ZnO has a direct bandgap of
3.40 e.V at room temperature. ZnO based devices must be used p-type ZnO because an undoped
ZnO is an n-type semiconductor which has a free exciting with a significant binding of 60 meV.
Although many elements could be used for doping ZnO, such as P, N, As, and Li, it is still
exceptionally challenging the p-type doping due to a lack of understanding of the electronics
properties sub-bandgap region. Due to this difficulty, ZnO-based devices are still under
development.
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1.1.1.2 High-Temperature Semiconductor Devices
The negative impacts of raised temperature on both the functioning and reliability of
semiconductor devices are nicely-identified and documented [3,4], and it is presented in Table 1.2.
Semiconductor device parameters are affected by the operating temperature of these devices. For
instance, along with higher thermal excitation, there is a reduction in carrier mobility and velocity
saturation because of enhanced scattering [10]. Lower mobility shrinks the base transport in
bipolar transistors, therefore reducing the current gain (beta). For short-channel CMOS devices
that function in velocity saturation systems, reduced velocity saturation converts directly into
reducing transconductance. Thus, it is essential to manage semiconductor doping levels and other
key device characteristics for practical, high-performance function at high temperatures. Sadly,
simulation models for conventional processes differ from existence at extreme temperatures,
making it challenging for integrated circuit designers to take these changes into account.
The impacts of operating several semiconductor devices at high temperatures are listed in
Table 1.3. Semiconductor materials' bandgap energy is the major constraint from using the
semiconductor devices at elevated temperatures (> 573 K). As a result, semiconductor devices
based on WBG materials are suitable for high-temperature applications. The leakage of
semiconductor devices based on WBG materials are orders of magnitude lowers than the
convention Si-based devices because the intrinsic carrier densities of WBG materials are lower
than Si. The temperature-dependent intrinsic carrier densities of Si, SiC, and GaN are shown in
Figure 1.1.
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Table 1.2. Physics impacts make it challenging to manufacture semiconductor devices and circuits
that desire to operate reliably for long periods at elevated temperatures [3].
No. Technical Issue at High Temperatures
1
Increasing intrinsic carrier density (doping comes to be unsuccessful)
2
Exponentially increasing junction leakage current (reduces performance, increases
power consumption)
3
Variations in device parameters
4
Accessibility of suitable wide-temperature-range device models for circuit simulators
5
Increased electromigration of conductors (reduce reliability and shorter lifetime)
6
Increased chemical reactivity, particularly of ohmic contacts
7
Increased diffusion of dopants and ohmic contacts
8
Reduced dielectric breakdown strengths
9
Mechanical stresses caused by expansion mismatches and thermal cycling
10
Reliability assurance and assessment
11
Accessibility of low defect density wafers
12
Accessibility of doping techniques
13
Accessibility of dry (plasma) and wet (chemical) and etching techniques
Table 1.3. Influence of electrical performance of a few semiconductor devices and sensors.
Device
PN-Diode
Schottky Diode
Bipolar transistors
JFET & MESFET
MOSFET

Thermistor
Piezoresistive sensors
with pn-junctions of the
piezoresistors

Impact of High Temperature
▪ Increasing in the leakage current exponentially
▪ Decreasing the voltage drop of forwarding direction
▪ Increasing in the reverse current with T2
▪ Decreasing in the forward voltage drop
▪ Increasing the current amplification with Tx (1<x<2)
▪ Decreasing in the base-emitter voltage at a collector current
▪ Increasing in the pinch-off voltage
▪ Decreasing in the channel mobility with T3/2
▪ Increasing in the leakage current of injunctions exponentially
▪ Decreasing in the channel mobility with T3/2
▪ Decreasing the threshold voltage
▪ Increasing the number of charge carriers and conductivity
▪ Increasing in the junction leakage current
▪ Decreasing the sensitivity

Moreover, WBG semiconductors can offer further benefits in terms of high-power and
high-frequency applications. One important example is that the on-resistance of SiC power devices
is significantly decreased when compared with Si devices. This results from the higher breakdown
voltage of SiC (Table 1.1) and, thus, the reduced space charge region permits a more efficient
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design. The material quality and the process technology for the fabrication of WBG semiconductor
devices are, in various cases, different from traditional Si technology. Hence, semiconductor
devices' fabrication processes based on WBG materials are usually relatively low compared to
benchmark Si technology. The potentials of employing different semiconductors for hightemperature applications are summarized in Table 1.4 [11].

Figure 1.1. Semiconductor intrinsic carrier concentration versus temperature for Si, SiC, and
GaN [3].

Figures of merit (FOM) are typically used to express the excellent performances of WBG
devices. The FOM considers the switching speed of transistors and its thermal limitation due to
generate heat that needs to be eliminated. Baliga's FOM considers the on-resistance of power
MOSFETs, and it is employed to estimate the superiority of a device quantitatively. Johnson's
FOM concerns the high-power and high-frequency capability of devices. The Keys from Baliga
and Johnson FOM for some WBG based devices are presented in Table 1.5 [11,12]. Following the
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Baliga FOM for high-frequency applications, just a diamond is still superior to SiC. It must
mention that all values in Table 1.5 are normalized to Si.
Table 1.4. Different semiconductor for high-temperature devices.
Si
GaAs
GaP
Other III-V
Intrinsic Temperature
673
923
1173
873-1273
(K)
Small Signal Tmax (K)
573
573
>773
>823

SiC
>1273

Diamond
>1273

>873

-

Power Tmax (K)
HT* Tool Maturity
Integration Level,
LT**
Process Maturity

523
Medium
Very High

523
Low
High

>773
None
None

>823
None
None

>873
None
None

None
-

Very High

High

Low

Medium

Low

Development Issues

ElectroMigration
Low
LT
devices

Ohmic,
EM
Medium
LT
devices

Ohmic,
EM
Medium
-

Very
Low
Dopants,
Defects
High
-

Development Cost
Synergistic Markets

Ohmic, EM Pinholes,
Ohmics
Medium
High
OptoelectrPower
onincs
devices

*LT: Low temperature;
* * HT: High temperature
Table 1.5. Figures of merits for various semiconductors.
Figures of Merit
(FOM)
JMa
(Ecvsat/π)2
KMb
λ(vsat/εr)1/2
QF1c
λσA g
QF2d
λσAEC
BMe
σA = εrµEC 3
BHFMf
µEC 2
a

Si

GaAs

4H-SiC

GaN

1

7

278

756

0.5

36

5.1

1.6

1

36

594

644

1

48

4357

7089

1

16

178

744

1

11

29

90

Johnson's FOM for a basic limit on the device performance (high power and frequency).
Keyes's FOM based on the switching speed of the transistor.
c
Quality factor 1 (thermal FOM) for heat sink material and the active device area in power device.
d
Quality factor 2 is based on the perfect heat sink.
e
Quality factor 3 is based on any assumptions about materials or geometry.
f
Balig's FOM for evaluation of the high-frequency application.
b
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Finally, high-temperature optoelectronic devices, such as lighting emitting diodes (LEDs),
lasers, photodetectors, and solar cells, become more feasible with WBG semiconductors.
Optoelectronics applications based on GaN, GaAlN, AlN, and other WBG semiconductors are
prominent materials for their direct bandgap, giving them a huge benefit over the indirect gap SiC,
even though it has been employed for a long time as well for the manufacturing of LEDs.
However, it is worth mentioning that lattice mismatches of only 1% for AlN and 3% for GaN exist
when these materials are grown on 6H-SiC wafers [12]. Therefore, SiC processing is frequently
near related to AlN and GaN electronic and optical device fabrication. For instance, commercially
available GaN/SiC blue LED represented the highest volume of blue LED market. The small lattice
mismatches allow utilizing such combinations of these WBG semiconductors as materials with an
enormous promise for utilization in hetero-optoelectronic devices.
1.1.1.3 High-Temperature Semiconductor in Power Electronics
High-temperature optoelectronics is an emerging field in power electronics applications.
Figure 1.2 shows a few applications, which require high-temperature sensing. High- temperature
power electronics can be employed in many applications, such as aircraft, automotive, space
exploration, deep oil/gas extraction, etc.
Reducing the complexity of piping and wiring in commercial aviation is needed. Therefore,
manufacturers are shifting towards more electric architecture, which tends to utilize just electrical
systems. For instance, the MOET (More Open Electrical Technology) project, supported by the
European research program FP6 [14,15], is designed to "Validate scalable electrical networks up
to 1MW considering new voltages and advanced concepts including system transformation of
future air, actuation, and electrical systems into all electrical solutions". The electrical actuators
must be driven via power electronics converters to accomplish significant efficiency in a supplied
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fashion [16]. Converters must be located as close as conceivable to the actuator they control. This
suggests that some converters will be subject to harsh environments. For example, a few of them
will need to function close to the jet engine, with ambient temperature varying from 223 to 498 K.
Very high reliability is anticipated from these systems, regardless of long operating life (10-30
years) and regular deep thermal cycling (quite a few takeoff-landings per day) [16]. Meeting these
requirements demands a full signal chain of high-functioning components (Figure 1.3 [17]).
An Additional promising application for the usage of high-temperature electronics is the
automotive industry. As avionics, automobile manufacturing transfers from merely mechanical
and hydraulic systems to mechatronic or electromechanical systems [3,18]. This requires
positioning sensors, signal conditioning, and control electronics nearer to high-temperature
sources. For example, [19] illustrates a mechatronic system involving a transmission controller coplaced on the mechanical transmission assembly that needs work at 423 K. There are other
potential high-temperature electronic applications under the hood, on wheel sensors, and in the
exhaust, as shown in Figure 1.4 [3].
Space exploration is a "niche" market; however, it establishes some critically challenging
goals [14,20]: surface temperature on Venus can get up 733 to 743 K. On Jupiter, the temperature
rises with depth (and pressure); and a few hundred kilometers down, the environment temperature
reaches 673 and 100 bars, with a very aggressive environment (wind speed about 200 m/s,
hydrogen-rich chemical composition, etc.). Thermal cycling is a problem as temperatures know
how to be around 133 K during the night.
Most deep oil and gas extraction systems must operate continuously at high environmental
temperatures for five years or beyond, not including many thermal cycling. Nevertheless,
reliability must be excellent as the high price is related to halting the operation (the power systems
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are positioned downhole, quite a few kilometers deep). An illustration of power electronics usage
is the electrical downhole gas compressor [14,21], created to boost the production of gas wells by
placing a compressor near the gas reservoir. For this application, the environment temperature is
estimated to get 423 K. For deep oil wells, the temperature is likely to reach 498 K, with a system
lifetime of 5 years [21].
High-temperature semiconductor applications are summarized in Table 1.6. The summary
is based on peak ambient, chip power, current technology, and future technology [23].

Figure 1.2. Applications of high-temperature power electronics [5].
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Figure 1.3: Avionics supplied engine control architecture [3].

Figure 1.4. Automotive temperatures [4].
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Table 1.6. Application of high-temperature semiconductors in power electronics.
High-Temperature Electronics
Peak
Chip Power
Current
Future
Application
Ambient
(kW)
Technology Technology
Spacecraft Power
▪ Power Management
▪ Mercury Exploration
Automotive
▪ Engine Control Electronics
▪ On-Cylinder and Exhaust Pipe
▪ Electric Suspension and Barks
▪ Electric/Hybrid Vehicle PMAD
Deep-Well Drilling Technology
▪ Oil and gas
▪ Geothermal
Turbine Engine
▪ Sensors, Telemetry, Control
▪

Electric Actuation

423
573
823

>1
> 10
~ 1

BS & SOI
NA
NA

WBG
WBG
WBG

423
873
523
423

<1
<1
> 10
> 10

BS & SOI
NA
BS
BS

BS & SOI
WBG
WBG
WBG

573
873

<1
<1

SOI
NA

BS & SOI
WBG

573
873
423
873

<1
<1
> 10
> 10

BS & SOI
NA
BS & SOI
NA

SOI &WBG
WBG
WBG
WBG

Industrial
▪ High-Temperature Processing

573
<1
SOI
SOI
873
<1
NA
WBG
BS=bulk Si, SOI= Si on insulator, NA= not currently available, WBG=wide bandgap.
High-temperature power electronics has been going for two decades. The key conclusion
is that high-temperature power electronics are impossible to be developed by simply one
component. While current power converters based on SiC power electronic devices can function
at a maximum junction temperature beyond 423 K [24,25], high-temperature converters' heatresistance attributions will vanish if gate drives cannot sustain a high-temperature environment.
The gate drive's related challenge is to be created suitably to fit the necessity of high-temperature
and high-speed capability.
Moreover, high-temperature passive components like capacitors, resistors, and magnetic
materials, needed to manufacture high-temperature converters, are similarly as critical as other
components for dependable operation. The magnetic material can operate in high temperatures up
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to 723 K [26]. However, capacitors as generally dielectric material are impossible to be utilized
above 473 to 523 K. Attributable to the performance of active and passive components, which
fluctuates across the full temperature range, the parameters matching should also be considered.
Furthermore, high-temperature packaging and integration technology are keys for hightemperature converters' design and development to provide complete performance to hightemperature tolerance of SiC power electronic devices. Hence, there are several studies on hightemperature power electronics, which are primarily dedicated to the process, packaging, integrated
circuits [27], MEMS sensors [28], and power converters [3,14,29], and the review on hightemperature applications is inclusive.
The theory junction temperature of SiC power electronics devices can go up to 873 K,
which are commercially available for high-temperature applications. Yet, the integrated drive
circuits for SiC devices are still in the initial study and development stage. Based on the SOI
technology, a buried insulator layer in the SOI structure shown in Figure 1.5 can successfully
reduce the leakage current in high-temperature operation, enhance the latch-up protection, and
suppress the threshold voltage deviation to the temperature. The SOI-based integrated circuits can
effectively function at the temperature ranging from 473 to 573 K [30], which is significantly
higher than standard bulk Si devices.
The SiC-based integrated circuit technology is more desirable to an extremely harsh
environment than the SOI-based integrated circuit technology [31], as is shown in Table 1.6.
Nonetheless, the progress of semiconductor technology shows many difficulties.
Investigators have devoted almost fifty years to delivering the first commercial SiC devices
ever since the excellent characteristics of SiC material were obtained. Still, the SiC-based
integrated circuit continues at the phase of laboratory research and is accordingly incapable of
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accessing the marketplace in a short period. Regarding high-temperature gate drives of SiC
devices, SiC-based integrated circuit technology is not developed yet, and Si-based integrated
circuit technology is inaccessible for high-temperature applications. As an alternative, Si-based
discrete device technology might be a practical solution as soon as it compensating temperature
drift. Besides, the SOI-based integrated circuit is accessible for high-temperature applications if
the high-cost of manufacturing of the SOI-based integrated circuit can be ignored [32]

Figure 1.5. A buried insulator layer in an entirely depleted SOI structure [29].
1.1.1.4 Miniaturized of Current SiC-based High-Density Power Modules
High-temperature gate drives are obligated to have the input signal isolation, wide-ranging
duty cycle, stationary turn on/off, and low propagation delay time. At present, no commercial
optocouplers can be employed in a high-temperature condition. Therefore, the transformer turns
out to be the best alternative for high-temperature isolation of the gate drive, as shown in Figure
1.6. Figure 1.7shows the current SiC high-density power modules with the transforms shown in
red dot circles, as galvanic isolation.
There are three common types of galvanic isolation systems optocoupler, magnetic coupler,
and capacitive coupler. Table 1.7 reveals the key differences between the different isolation
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techniques, component safety certifications, and lifetime reliability failure mechanisms. Figure 1.8
shows the cross-sections for all typical galvanic isolations.

Figure 1.6. The achievements of the development process of SiC power electronic devices [29].

Figure 1.7. Fully qualified all-SiC commercial power modules. Red dote circles represent the
typical transforms used as galvanic isolation [33].
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Table 1.7 Comparing the common galvanic isolation types.
Galvanic Isolations
Optocouplers
Magnetic Coupler
(Transformers)
Couplings
• Optical
• Magnetic
Insulation Material
• Three layers
• One layer
Si/Kapton Tape/Si Polyamide
Insulation Thickness • 0.08-2
• Single coil ~ 0.02
(mm)
• Double coil ~ 0.04
Size and Weight
• Small, light
• Bulky, heavy
Signal Modulating
• Not needed
• Needed
Waveform Droop
• No
• Yes
Common Mode Noise • High
• Low
Immunity
Response Time
Isolation Voltage
EMI and ESD
Tolerance
Lifetime and
Reliability Failure
Mechanism

Capacitive Coupler
• Capacitive
• One layer
SiO2
• Single cap ~ 0.014
• Double cap ~ 0.028
• Small, light
• Needed
• Yes
• Medium

•
•

Medium
High

•
•

High
High

•
•

Medium
Medium

•

Excellent

•

Average

•

Good

•

Practical
discharge

•

Space discharge
degradation

•

Oxide film degrade
over time

Optocouplers' usage might be advantageous to ultrahigh-density 3-D power modules
capable of reaching disruptive accomplishment in terms of thermal management, power density,
power efficiency, reliability, and operating environment. Although optocouplers' implementation
as the galvanic isolation is frequent in power modules operating at 300 K, the usage of
optocouplers in WBG-based power modules is dominated by the performance degradation of
optocouplers at high temperatures. Hence, LEDs and photodetectors that can function at 525 K
with at least a ten-year lifetime dependably are incredibly suitable for next-generation high-density
power electronics applications.
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a

b

c
Figure 1.8. Insulation constructions. (a) Optocouplers, (b) Magnetic couplers, and (a) Capacitive
couplers [34].

20
1.1.2 High-Speed Electronics in Multi-Extreme Environments
Space environments are multi-extreme environments. For instance, (1) working down to
extremely low temperatures (e.g., to 77 K or even 4.2 K, or below), (2) working up to very high
temperatures (e.g., to 473 or 573 K, or higher), (3) operation through extraordinarily wide-ranging
and/or cyclic temperature swings (e.g., 43.15 to 393.15 night to day, as discovered on the lunar
surface), and (4) operation in a radiation environment (e.g., in space as orbiting the Earth or moving
to an outer planet), or at worst case even all four simultaneously. The unique bandgap-engineered
features of silicon-germanium (SiGe) heterojunction bipolar transistors (HBTs) suggest the
significant possibility for simultaneously being able to survive with all four of these extreme
environments, theoretically with not much or no development modifications, eventually delivering
exciting benefits at the integrated circuit and system level to weight, size, and power (SWaP) [2].
1.1.2.1 High-Speed Electronics Devices Using SiGe on Sapphire Technology
To boost space communication networks into much faster, more efficient data networks
for NASA's science, space operations, and exploration missions, space communication techniques
with faster and more reliable data transfer rates are highly desired. Faster and reliable space
communication techniques enable the spacecraft to accomplish the task with a single trip instead
of several flying over many years to collect the data. The spaceship's fundamental function requires
extensive contacts with ground stations for control, command, communication, and data return. A
spacecraft command and data handling system processes all the data sent and received by the
spacecraft, including both operations and science data. The system is connected to the
radiofrequency (RF) transmitter and receiver (transceiver) units that are the sole point of passage
for data entering or leaving the spacecraft. The bandwidth of the current transmitter and receiver
in the spacecraft limits the maximum data-transfer rate. For example, in the Curiosity Mission, the
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rover which landed on Mars generate tons of scientific data (e.g., high-resolution images,
environmental sensing data, and video files), which is highly desired to be transmitted in time to
the orbiter or Earth through the NASA Deep Space Network (DSN). According to Jet Propulsion
Laboratory (JPL), there is only a minimal time (i.e., eight minutes) for the rover to transmit the
data to the Mars Reconnaissance Orbiter in one solar day on Mars. In this short period, only a
small amount of data varied from 100Mb to 500Mb can be transmitted to the orbiter, mainly
limited by the low data rate of transceiver units. The data rate from the rover to Earth is even lower.
To provide comprehensive, robust, cost-effective, and exponentially higher data rate space
communications, the technologies for high-speed, reliable electronic devices for transceiver units
need to be advanced to maintain a scalable integrated mission support infrastructure.
Transceiver units are typically built with silicon (Si) based devices with a very large-scale
integrated circuit (VLSI). Si has been the miracle material for the semiconductor industry that
drives the revolution of electronic devices. The rapid "Moore's law" miniaturization of device sizes
has yielded an ever-increasing density of fast components integrated on Si chips, pushing down
feature size close to its ultimate physical limits. However, the electronic components and circuits
fabricated on conventional bulk Si substrate are not suitable for space communications due to the
limitations of device bandwidth, circuit performance, operating temperature, and radiation
hardness. In bulk Si technology with a conductive and doped substrate, significant parasitic
components exist among the devices fabricated on the common conductive substrate. The fast
switching of the gate control and quick charging and discharging of the parasitic components will
substantially increase the heat generation inside the Si chips and degrade the device performance
for the high-speed components. The heat generated due to the parasitic coupling will significantly
limit the devices' speed and bandwidth to less than 5GHz, even with the most advanced heat
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dissipation technology. Therefore, SOI technology has been developed since 1998 [35] and is
widely used for high-speed RF communication circuits [36]. The parasitic components are
eliminated due to the non-conducting substrate. Less heat will be generated during the fast
operating of devices. Using the SOI technology, a lower parasitic capacitance of devices enables
a faster switching frequency and less power consumption of circuits [37]. The fabrication process
is also simplified with a smaller number of masks to define wells and trenches. Another critical
advantage of SOI technology is radiation hardness. The soft error rates (SER), which are the
percentages of data corruption due to cosmic rays and radioactive signals, can be significantly
reduced using the insulating substrate [38]. Silicon-on-sapphire (SOS) is commercially available
as one of the first SOI processes for fabricating integrated circuits on synthetic sapphire. Sapphire
was chosen as an insulating substrate due to its high dielectric constant, low dielectric loss, good
thermal conductivity, and relative availability [39]. The cost of developing SOS circuits is
continuously decreasing with the high demand for mobile handsets, broadband consumption
military, and space applications.
Despite tremendous research efforts in developing high-speed electronic devices based on
SOS technologies, overall results are still less than satisfactory. For example, the devices' speed
on SOS technology is limited by the Si material [40]. Recent developments of silicon-germanium
(SiGe) on a sapphire substrate (SGOS) from NASA Langley Research Center (NASA LaRC)
demonstrate the much higher device mobility compared with those on the SOS technology [41].
The breakthrough results on the SGOS technology could primarily affect the transceiver systems
(i.e., transmitter, receiver, frequency synthesizers, and amplifiers) with much higher speed and
broader bandwidth. Implementation of this technology can substantially improve the data rate of
space communications and operations data collection and transfer. Working as an essential
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building block device based on SGOS technology is expected to play a crucial role in fulfilling the
needs of various space exploration missions at NASA.
1.1.2.2 Current SiGe on Sapphire Technology
Many epitaxial growths in this regard utilize silicon on sapphire (SOS) and SiGe on
sapphire (SGOS, SGOI) technologies to take advantage of the rectangular 𝑟-plane (1-102) of
sapphire aligned with the square-faced (001) plane or rectangle-faced (110) plane of the Si and Ge
diamond structure. However, it was reported that this approach often shows 90⁰ rotated twin
defects [42]. Due to the incompatibility of the lattices, the direct growth of the material was not
achievable. Therefore, complicated methods have been established to achieve SOS and SGOS.
The first method is Si was implanted to produce an amorphous layer, and then the film was
crystallized through solid-phase regrowth of the amorphized silicon, using the top silicon layer as
a seed [43]. Later, SiGe growth was developed from this method by Ge condensation on the SOI
substrate. In this method, a high concentration Ge is grown on Si. After thermally oxidizing the
substrate, the SiGe layers are ejected from the oxide interface, and a thoroughly relaxed SiGe layer
forms on top [42]. This method's complication encouraged researchers to develop new ways of
achieving Si on Sapphire using wafer bonding and transferring the Si(Ge) film on sapphire [44].
In this method, hydrogen implantation is used to split a thin SiGe layer from graded SiGe
substrates. Both ways are complicated for industrially scaling. Choi et al. recent achievements on
the direct epitaxy of SiGe on c-plane (0001 planes) using rhombohedral growth have resulted in
high-quality growth with no necessity to utilize complex stages of implantation or film transfer
[41].
The conventional cubic epitaxy follows the crystal symmetry line from cubic to tetragonal
to orthorhombic with rectangular interfaces (Figure 1.9, b). Suppose a cubic crystal is rotated into
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the (111) direction. In that case, the cubic crystal is a rhombohedron case, which typically has
three same lattice constants that are not at 90º to each other (Figure 1.9 a). For this reason, growth
along the (111) direction could potentially seed rhombohedral on trigonal substrates. However, the
most common trigonal substrate, c-plane sapphire (Al2O3), has a large lattice mismatch with most
cubic semiconductors, including SiGe. Besides, the epitaxy growth of SiGe on trigonal sapphire
can be seed growth for two possible atomic alignments shown in Figure 1.9 d to form twin defects.
(Note: The blue hexagon with three rounded dots represents the trigonal sapphire crystal lattice.
The pink cube represents SiGe cubic crystal aligned on sapphire). As a result, Choi et al. from
NASA Langley reported high-quality strain-free. They almost defected free SiGe alloy epitaxy
growth on c-plane sapphire using both MBE [45], conventional magnetron [46], and molten target
[47] sputtering techniques. This is potentially the first observation of higher energy. The phase of
a known cubic semiconductor to be grown on the trigonal substrate. Figure 1.10 provides a
summary of the high-quality growth results. All the characterization results indicate that the SiGe
film's epitaxy has deviated from the expected cubic crystal structure and formed a rhombohedron.
However, since the new film is strain-free, it is fundamentally different from a simple metastable
rhombohedral crystal grown pseudomorphically for (111) direction. This growth is a new "phase"
of SiGe, namely the rhombohedral phase formed by Si and Ge atoms forming a strain-free
rhombohedral crystal structure as a higher energy phase of SiGe. At the substrate interface, the
growth of a single or few Ge/Si atomic layers is strained. Still, when Ge and/or Si atoms keep
adding on top of each other to grow along with (111) direction, these atoms form a crystalline
structure of the rhombohedral phase. The rhombohedral phase is kept very stable by transitioning
"strained energy" into the "formation energy."
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Figure 1.9. (a, b) Schematic of the relationship of different crystal structures based on symmetry.
(c, d) Schematic of cubic SiGe aligning with trigonal sapphire.

Figure 1.10. Material characterization of crystalline SiGe films grown on c-plane Sapphire (a)
SiGe films was grown on 2-6 inch sapphire substrates, (b) cross-sectional SEM of SiGe/Sapphire,
(c) shows HRTEM and its SAED result of the SiGe (green)/sapphire(yellow) interface, (d) 2𝜃-Ω
XRD scan in the direction normal to the surface shows 95% of the crystals are in 111 direction,
(e) shows phi scan of SiGe peaks showing that more than 99% of the atoms are aligned in one
dominant twin crystal alignment, (f) a 2D spatial distribution of the crystal alignment shown in (e)
[30].
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1.1.2.3 Approach of Growing SiGe Using UHV-CVD
The University of Arkansas has built a unique ultra-high vacuum chemical vapor
deposition UHV-CVD system dedicated to device quality SiGe material and device structure
growth. The UHV-CVD system's capability in providing both methods enables the precursor gases
to produce a whole litany of excited gas molecules and other radicals and provide new reaction
pathways for more efficient deposition at different temperature ranges. Plasma enhanced growth
could also deposit the seed layer as the deposition rate is higher in plasma-enhanced growth,
especially for hetero-epitaxial growth. The material development strategy will start from Ge rich
SiGe growth and then shift to the growth of basic device building blocks, such as heterojunctions,
PN junctions, and MOS devices designed for high-speed devices. The initial film will be grown
on sapphire, and the growth recipe would be optimized for device quality growth. However, insitu RTA cycles can enhance the crystal quality and achieve high-quality SiGe growth. Then, films
will be studies using different characterization methods, such as Raman spectroscopy, ellipsometry
spectroscopy, AFM (atomic force microscopy), XRD (x-ray diffraction), TEM (transmission
electron microscopy), XPS (X-ray photoelectron spectroscopy).
1.2 Dissertation Organization
This dissertation is divided into two parts. The first part is related to characterizations of
different optoelectronic materials and devices (LEDs and photodetectors) for power electronic
applications, and the second part is associated with low-temperature growth of SiGe films on
sapphire substrates for high-speed applications (i.e., advanced NASA space communications)
Chapter 1 is the introduction and background, while chapter 2 is material growth and
characterizations.
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1.2.1 Optoelectronic Material and Device Characterizations
Chapter 3, 4, and 5 are based on work published in three journals, respectively:
1)

Sabbar, S. Madhusoodhanan, S. Al-Kabi, B. Dong, J. Wang, S. Atcitty, R. J. Kaplar, D.

Ding, H. Alan Mantooth, S.-Q. Yu and Z. Chen, "Systematic Investigation of Spontaneous
Emission Quantum Efficiency Drop up to 800 K for Future Power Electronics Applications," in
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 8, no. 1, pp. 845-853,
March 2020.
2)

A. Sabbar, S. Madhusoodhanan, B Dong, J Wang, S Atcitty, R. Kaplar, D. Ding, A.

Mantooth, S-Q. Yu and Z. Chen, " High Temperature and Power Dependent Photoluminescence
Analysis on Commercial Lighting and Display LED Materials for Future Power Electronic
Modules ", Sci. Rep., vol. 9, no. 1, 2019.

3)

A. Sabbar, S. Madhusoodhanan, B. Dong, J. Wang, H. Alan Mantooth, S.-Q. Yu and Z.

Chen, "High-Temperature Spontaneous Emission Quantum Efficiency Analysis of Different
InGaN MQWs for Future Power Electronics Applications," in the IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 8, no. 4, pp. 4186-4190, December 2020.
Chapter 6 explains the high-temperature setup characterizations and high-temperature
characterizations of LEDs and photodetectors. Wavelength matching between different LEDs and
photodetectors is studied as well for the target of fabricating high-temperature optocouplers for
high-density power modules applications.
1.2.2 SiGe Growth and Characterization for High-Speed Electronics
Chapter 7 discusses the deposition and characterization of SiGe growth on Si (100), Si
(111), and sapphire (Al2O3). The growth of SiGe is performed using the UHV-CVD system. The
material properties are investigated using different characterization techniques, such as x-ray
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diffraction (XRD), transmission electron microscopy (TEM), energy dispersive x-ray (EDX),
atomic force microscopy (AFM), Raman, and spectroscopic ellipsometry. Partial of this work is
published in one journal:
A. Sabbar, J. M. Grant, P. C. Grant, W. Dou, B. Al-Harith, B. Li, F. Yurtsever, S. A.
Ghetmiri, M. Mortazavi, H. A. Naseem, S.-Q. Yu, A. Mosleh, and Z. Chen Sabbar, S.
Madhusoodhanan, B. Dong, J. Wang, H. Alan Mantooth, S.-Q. Yu, and Z. Chen, " Growth and
Characterization of SiGe on c-Plane Sapphire Using a Chemical Vapor Deposition System," J.
Electron. Mater. ,vol. 49, no. 8, pp., 4809- 4815, 2020. https://doi.org/10.1007/s11664-020-081699.
Chapter 8 an overall summary of the dissertation and future work.
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Chapter 2 Semiconductor Growth and Characterizations
2.1 Ultra-High Vacuum Chemical Vapor Deposition (UHV-CVD) Growth
The UHV-CVD system was built at the University of Arkansas. The UHV-CVD is a cold
wall design to avoid any significant deposition on the chamber walls, which might rapidly plague
the film deposition for multiple compositions and stoichiometry by auto doping arising from the
cumulative deposits when high-temperature steps are involved. The UHV-CVD system is
dedicated to growing group IV epitaxy materials, such as Si, Ge, SiGe, GeSn, SiSn, and SiGeSn.
Also, the system I cable to handle 2- and 4-inches substrate holder’s different substrates, such as
Si (001), Si (111), sapphire (Al2O3), and strontium titanate oxide (STO). The system combines a
dual stainless chamber. The first chamber is the load lock chamber, and the second chamber is the
process chamber. The load lock chamber was constructed to prevent the process chamber from
subjecting the atmospheric contaminants. The chamber pressure of the load lock and process
chambers reach 10-9 and 10-10 torr. The growth temperature can be achieved up to 1000 °C. Hightemperature baking is typically used after each maintenance to avoid oxygen contamination and
yield atomically smooth epitaxial films. The inert gas of argon (Ar) and commercialized available
germane (GeH4) and silane (SiH4) precursors were utilized for SiGe epitaxy materials. Figure 2.1
shows the schematic diagram of the UHV-CVD system. The detail of machine-building can be
found [1].
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(I)

(III)

(IV)

(II)

Figure 2.1. (I) Cold-wall U.H.V.: (a) load-lock chamber, (b) process chamber. (c)turbopump. (d)
cryogenic pump, (e) substrate heater assembly, (f) the gas manifold hood, (g) the gas cabinet for
stannic chloride bubbler system, (h) gas cabinet for stannane delivery system, (i) gas detector, and
(j) exhausted secondary containment. (II) Schematic of the UHV-CVD system design. (III) Hotwire atomic source to produce highly reactive radicals of gases. (IV) The plasma electrode is used
for striking plasma [1].
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2.1.1 Plasma Enhancement-CVD (PE-CVD)
The CVD involves a thermally activated set of gas-phase and surface reactions that create
a reliable product at a surface. The plasma properties control actively adjust the gas phase and
frequently the surface reactions in the PE-CVD. Instead of thermal activation in CVD, the critical
initial step in PECVD is electron effect dissociation of the feedstock gas. The Te (electron
temperature in volts (V)) is around 2-5 V in a low-pressure discharge naturally suffices for
feedstock dissociation and since Te >> Tsub ( the substrate temperature) and massive particle
temperature [2]. Therefore, the deposition in the PE-CVD can be conducted at temperatures
significantly lower than for CVD.
The discharge pressures utilized are in the range of 0.1-10 Torr due to chemical reactions
between neutral gas-phase precursor elements, which are frequently mandatory for PE-CVD. The
uniformity of film grown by PE-CVD has a critical issue due to the high flow rates, high pressures,
high gas-phase reaction rates, short mean free paths, and high surface sticking possibilities for
some gas-phase deposition precursors (frequently, neutral radicals). This combination of issues
creates an extremely challenging task to accomplish uniform precursor and ion fluxes among the
substrate region. Consequently, an excellent consideration is needed to design the neutral transport
system for the flow of gases into and out of the reaction zone. Likewise, the deviation of the power
deposition per unit area in the discharge must be wisely monitored. For these justifications,
Radiofrequency (RF)-driven parallel plate discharge geometries have been preferred, even though
some depositions have been performed using high-density cylindrical discharges, such as ECRs,
helicons, and rf inductive discharges (TCPs). The UHV-CVD in Figure 2.1 has an RF source for
the generation of low power plasma and remote plasma. The machine has an in-situ plasma etching
capability to clean the chamber.
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2.1.2 Hot Wire-CVD (HW-CVD)
The HW-CVD system has been advanced significantly and is currently a feasible technique
for developing several different useful materials, which can be organic and inorganic, since the
earliest work in 1979 [3,4]. High-quality Si-based thin films and solar cells can be grown using
this technique [5-8]. The HW-CVD system can be observed as a "remote decomposition" system
as it is manufactured on the breakdown of Si-containing gasses at a hot catalytic surface. However,
the substrate itself has no functioning in producing active precursors. In contrast, the substrate's
typical role in the PE-CVD is the grounded electrode to maintain a homogenous RF field. The
absence of the necessity to accomplish an equipotential plane at the substrate makes it simpler to
carry either rigid or foil-type substrate materials during growth and expand to large areas. The
technique is occasionally also called thermo-catalytic CVD (TC-CVD) [9] or catalytic CVD (CatCVD) [10] due to catalytically decomposed of source gases. The old name of this method is Hot
Filament CVD (HF-CVD). Typically, The HF-CVD is applied in the field of growth of diamond
and other carbon-involving films. On the other hand, the term i-CVD is the latest and is utilized to
refer to polymer deposition applying initiator molecules and monomer precursors. The HW-CVD
and Cat-CVD are commonly interchangeable names for growing (mostly) inorganic thin films as
usual. Typically, tantalum or tungsten filaments are utilized as catalysts, with filament
temperatures between 1400 and 2100 °C. Silane (SiH4) or germanium (GeH4) can be separated
into atomic Si or Ge and H at the catalyst surface, depending on the filament material and
temperature. The generated species react more with unreacted SiH4 or GeH4 in the gas phase, with
the intention of several deposition precursors is produced. As no ions are created during growth,
the gas phase species and reactions are distinct from traditional PE-CVD processes. Moreover, the
non-existence of any plasma confirms that no particles are blocked, therefore removing a critical
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source of dust. Figure 2.2. shows the schematic view of the HW-CVD reactor. Briefly, the most
important advantages are [4]:
a)

Non-plasma deposition (i.e., with no threat of a harmful bombardment of energetic ions on

the grown films or of wasting the functionality of precursor molecules).
b)

Scalable and straightforward technique. Scaling to large areas only involves an increase

in the catalytic surface along with a comparably larger supply of source gases.
c)

Substrates (whether inflexible or flexible) can be controlled as they do not participate in

the decomposition process. Step exposure is excellent, and homogeneity can simply be adjusted
as substrates can be transferred through the growth with no trouble.
A disadvantage of the HW-CVD technique in contrast to PE-CVD is the control of the
substrate temperature. The HW-CVD challenge is the substrate temperatures cannot be below
200 °C because of the heat radiation from the filaments. Therefore, an artificial substrate cooling
is possible, but the impacts on material quality have not been entirely studied [4]. Moreover, a
metal silicide can be formed as a reaction of the source gases with the filaments. These silicides
change the catalytic properties and affect the aging of the filaments. As a result, the filaments
become fragile, mainly at the relatively "cold" ends of the filament. To prevent the fast breakage
of the filaments, physically protecting the filament ends or by rinsing them with hydrogen can be
employed. An effort has been made to form secure and reproducible conditions for the hot catalytic
wires utilized for the significant decomposition of the source gases [11]. Filaments lifetime issues
can be overcome by selecting suitable designs for both the growth chamber geometry with the
catalyst geometry and an appropriate (pre-) treatment of the filaments [12-14].
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Figure 2.2. Schematic view of HW-CVD.
2.2 Material Characterizations
2.2.1 Photoluminescence
Photoluminescence (PL) is a non-destructive method for determining impurities in
semiconductor materials [15]. PL is mainly suitable for the finding of shallow-level impurities.
However, PL measurement also can be utilized to some deep-level impurities, given their
recombination is radiative [16]. PL is also applied in other applications. For instance, ultraviolet
light in fluorescent tubes, which is created by an electric discharge, is absorbed by a phosphor
inside the tube. PL emits visible light has been mostly the domain of III-V semiconductor
characterization previously with high internal efficiency. Internal efficiency is an amount of
optically created electron-hole pairs recombining radiatively, thereby emitting light.
2.2.1.1 Carrier Generation and Recombination in Semiconductor
The generation of electron-hole (e-h) pair in the semiconductor materials occurs when
photons with energy above the bandgap of the semiconductor materials interact with electrons (in
the valence bands) of the materials. These electrons are then excited to a higher energy state
(conduction bands), leaving holes in the valance band. This process is called the carrier (e-h)
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generation. Carrier recombination can occur via various relaxation channels. The major ones are
band-to-band recombination, Shockley–Read–Hall (SRH) trap-assisted recombination, Auger
recombination,

and surface

recombination. These

decay

channels

can

be

divided

into radiative and nonradiative. Figure 2.3 shows the recombination processes.
The radiative process is associated with band-to-band recombination. In this process,
electrons will jump down from condition band to valence band and recombine with holes
radiatively and emit photons with the energy difference between the initial and final state. During
radiative recombination, a form of spontaneous emission, the energy absorbed by a material is
released in photons. Usually, these photons have the same or less energy than those absorbed
initially. This effect is how lighting emitting diodes (LEDs) produce light. Radiative recombination
is significant only indirect bandgap materials since the photon has relatively little momentum.
Nonradiative recombination is a process in which charge carriers recombine with
releasing phonon rather than photons. Nonradiative recombination in optoelectronics is an
undesirable process, decreasing the light generation efficiency and increasing heat losses. A
nonradiative lifetime is a typical time before the recombination of an electron in the conduction
band of a semiconductor with a hole. It is a crucial factor in optoelectronics, where radiative
recombination is needed to create a photon. A carrier is expected to recombine non-radiatively
whenever the nonradiative lifetime is shorter than the radiative. This results in low
internal quantum efficiency.
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Non- radiative
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Figure 2.3 Charge- carrier generation and recombination. (a) Band to band recombination. (b) SHR
recombination. (c) Auger recombination.
In SRH recombination, the electron in transition between bands passes across a
new energy state (localized state) generated in the bandgap by a defect or a dopant in the crystal
lattice. Such energy states are so-called traps. Nonradiative recombination happens primarily at
such sites. The energy is replaced in the form of lattice vibration (phonon). The phonon exchanges
thermal energy with the material. SRH is the leading recombination process in Si, and other
indirect bandgap materials as traps can absorb differences in momentum between the carriers.
Trap-assisted recombination could also happen in the direct bandgap materials with very low
carrier densities (very low-level injection) or materials, which have a density of traps such
as perovskites.
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In Auger recombination, the energy is delivered to a third carrier, excited to a higher energy
level with no moving to another energy band. Then, the third carrier typically loses its extra energy
to thermal vibrations. Because the Auger recombination process is a three-particle interaction, it
is commonly essential in non-equilibrium conditions as the carrier density is very high.
This process is not merely created since the third particle would need to initiate the process in the
unstable high-energy state.
2.2.1.2 Spontaneous Emission Quantum Efficiency Using Photoluminescence Technique
In typical (PL) measurements, the pump power 𝑃𝑃𝐿 (mW) that is absorbed in the active
region. It is related to the e-h pair photoexcitation density cm-3 s-1, equivalent to the total e-h pair
recombination rate within the active area [17,18].
𝑃𝑃𝐿 = 𝑐𝑎 [𝐴𝑛 + (1 − 𝛾𝑟 )𝐵𝑛2 + 𝐶𝑛3 ]

(1)

where 𝛾𝑟 is the fraction of the spontaneous emission that is reabsorbed by the active region [19],
and 𝑐𝑎 is a constant of proportionality. Both constants are defined by sample and measurement
geometry.
𝑛, 𝑛2 , and 𝑛3 , which are valid under low injection (𝑛2 < 𝑁𝑐 𝑁𝜈 ) , are related to e-h concentration
for SRH recombination, radiative recombination, and Auger recombination, respectively.
𝐴, 𝐵, and 𝐶 are the recombination coefficients for the SRH, radiative, and Auger recombination
processes, respectively [20]. 𝑁𝑐 is the effective density of states for the electrons and 𝑁𝜈 is the
effective density of states for the holes.
The assumptions suggested in Eq. (1) are that the fraction of the spontaneous emission
recycled and the fraction of the pump power that photoexcites e-h pairs are independent of
injection level. Those assumptions reasonable under low injection and when the pump photon
energy is significantly more significant than the active material bandgap. It is essential to involve
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the photon recycling factor (𝛾𝑟 ) since it considerably affects the e-h density and the quantum
efficiency.
Every time a spontaneously emitted photon is recycled via band to band absorption, an e-h pair is
created, which can be captured by either SRH or Auger recombination rather than emitting a
photon, effectively boosting the nonradiative recombination by a factor of (1 − 𝛾𝑟 )−1 . Also, the
𝑃𝑃𝐿 signal integrated over energy, 𝐿𝑃𝐿 photons/s, at the photodetector, is related to the spontaneous
emission rate per unit area per unit length cm-3 s-1from the active region.
𝐿𝑃𝐿 = 𝑐𝑏 𝐵𝑛2

(2)

Now from Eq. (1) the 𝑃𝑃𝐿 can be written as powers of the PL signal with a prominent coefficient
for each of the recombination processes refer to 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and 𝐶𝑃𝐿 For the SRH, radiative, and
Auger, respectively.
𝑃𝑃𝐿 = 𝐴𝑃𝐿 (𝐿𝑃𝐿 )1/2 + 𝐵𝑃𝐿 𝐿𝑃𝐿 + 𝐶𝑃𝐿 (𝐿𝑃𝐿 )3/2

(3)

Where the 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and 𝐶𝑃𝐿 represent the recombination coefficients for the SRH, radiative, and
Auger recombination processes, respectively. These coefficients can be obtained by fitting Eq. (3)
to the excitation pump power against the integrated PL intensity.
𝐵(1 − 𝛾𝑟 ) 1/2
𝐴 = 𝐴𝑃𝐿
(
)
𝐵𝑃𝐿
√𝑐𝑎
1

𝐶 = 𝐶𝑃𝐿 √𝑐𝑎 (

𝐵(1 − 𝛾𝑟 ) 3/2
(1 − 𝛾𝑟 )
) , 𝑐𝑏 = 𝑐𝑎
𝐵𝑃𝐿
𝐵𝑃𝐿

(4)

where 𝐵, 𝑐𝑎 , and 𝛾𝑟 can be calculated as follow:
I.

The radiative coefficient (𝐵) It is a measure of the effectiveness of the spontaneous

emission from a semiconductor material. Its fundamental properties are ruled by thermodynamics,
which eventually creates light emission properties through the density of photon states and the
photon occupation of those states. Thus, it is simple to calculate 𝐵𝑛𝑖2 . This corresponds to the
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internal blackbody emission rate per unit area per unit length integrated over photon energies ℎ𝜈
above the bandgap energy.The 𝑛𝑖2 is the intrinsic, thermal equilibrium, e-h pair population
8𝜋𝑐 ∞
(ℎ𝑐)2 𝑑ℎ𝜈
2
∫
α
ℎ𝑐
((𝑛
ℎ𝑐))
𝑜
(ℎ𝑐)3 𝐸𝑔 𝑜
𝑒 ℎ𝜈/𝑘𝑇 − 1
𝐸𝑔
8𝜋𝑐
−
2
𝑘𝑇
≈
α
𝑛
(𝐸
+𝑘𝑇)
𝑘𝑇𝑒
𝑔
𝑔
𝑔
(ℎ𝑐)3

𝐵𝑛𝑖2 =

(5)

Where α𝑔 = α𝑜 (𝐸𝑔 + 𝑘𝑇) is the absorption coefficient index, and 𝑛𝑔 = 𝑛𝑜 (𝐸𝑔 + 𝑘𝑇) is the
refraction coefficient index at the average spontaneous emission energy 𝐸𝑔 + 𝑘𝑇. The Boltzmann
approximation defines the intrinsic e-h concentration
𝐸𝑔

3

𝑛𝑖2 = 𝑁𝑐 𝑁𝜈 𝑒 −𝑘𝑇 = 32𝜋 3 (𝑚𝑐 𝑚𝜈 )2 (

𝑚.𝑘𝑇 3
ℎ2

𝐸𝑔

) 𝑒 − 𝑘𝑇

(6)

where 𝑚 is the electron mass, 𝑚𝑐 =𝑚𝑒 */𝑚 and 𝑚𝜈 =𝑚ℎ */𝑚 are dimensionless, and 𝑚𝑒 * and
𝑚ℎ * are the electron and hole effective masses, respectively. From Eqs. (5) and (6) the radiative
coefficient is
2
1 2 ℎ 3 𝑛𝑔2 𝑐α𝑔 𝐸𝑔
𝐵≈( ) ( )
+ 1)
3(
2𝜋
𝑚𝑐 (
𝑘𝑇
𝑚𝑐 𝑚 𝜈 ) 2
ℎ

(7)

3

where the term (𝑚𝑐) has units of volume and is the Compton wavelength (2.43 pm) cubed. The
term

2 𝑐α
𝑛𝑔
𝑔
3
(𝑚𝑐 𝑚𝜈 )2

is a rate (~1018 s-1) that is only weakly dependent on temperature, and it is almost

constant among the majority of the direct bandgap III-V semiconductors. Moreover, the radiative
coefficient turns by inverse temperature squared and bandgap energy squared (which is weakly
temperature-dependent). From Eq. (7), the absorption coefficient and the bandgap energy are key
material Figures of merit for spontaneous emission devices.
II.

𝑐𝑎 is the function of photoexcited active volume and the fraction of pump power actively

absorbed. It is appropriate to model the sample so that the photoexcitation density is independent
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of sample temperature, even though it is not mandatory. Therefore, designing the constant 𝑐𝑎
(pump power/photoexcitation density) independent of temperature
𝑐𝑎 =

𝑉𝑎 ℎ𝜈𝐿𝑎𝑠𝑒𝑟
𝑇𝐿𝑎𝑠𝑒𝑟 (1 − 𝑅𝐿𝑎𝑠𝑒𝑟 )𝐴𝐿𝑎𝑠𝑒𝑟

(8)

where 𝑇𝐿𝑎𝑠𝑒𝑟 is the calculated fraction of the laser pump power that is transmitted through the
optical system into the cryostat and onto the sample. 1 − 𝑅𝐿𝑎𝑠𝑒𝑟 is the fraction of 𝑇𝐿𝑎𝑠𝑒𝑟 that goes
into the sample. 𝐴𝐿𝑎𝑠𝑒𝑟 is the calculated fraction of 𝑇𝐿𝑎𝑠𝑒𝑟 (1 − 𝑅𝐿𝑎𝑠𝑒𝑟 ) that is actively absorbed
(which, as stated above, is generally independent of temperature by design). 𝑐𝑎 was calculated in
Ref 17 for helium-neon (He-Ne laser). It is worth to mention that the luminescence constant of
proportionality, 𝑐𝑎 , is extremely challenging to determine because it varies on sample emittance,
absolute data of the spectrometer, absolute responsivity of the detector, and the collection
efficiency of the sample luminescence, each of which are usually not precisely identified.
III. 𝛾𝑟 is the fraction of spontaneous emission reabsorbed in the active region, which is determined
through ray tracking across all solid angles. 𝛾𝑟 is defined as:
𝛾𝑟 =

Photons reabsorbed in active region
Photons spontaneously generated in active region

𝛾𝑟 = ∫

𝑟(ℎ𝜈, 𝑁)α(ℎ𝜈, 𝑁)
𝑑ℎ𝜈
α(ℎ𝜈, 𝑁)

(9)

The influence 𝛾𝑟 on the semiconductor luminescence refrigeration, and the details of calculation
can be found in Ref 19.
The Figure of merit for the evaluation of material quality is the spontaneous emission quantum
efficiency 𝜂𝑞 (𝑁) can be calculated using PL measurements. 𝜂𝑞 (𝑁) depends on carrier density and
material properties, and it is defined as:
𝜂𝑞 (𝑁) =

Photons spontaneously generated in active region
Carriers that spontaneously and nonradiatively recombine in active region
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𝜂𝑞 (𝑁) =

𝑅𝑠𝑝 (𝑁)
𝑅𝑠𝑝 (𝑁) + 𝑅𝑆𝐻𝑅 (𝑁) + 𝑅𝐴𝑢𝑔𝑒𝑟 (𝑁)

(10)

𝑁 is the total carrier density involving the photoexcited carriers from both pumping and photon
recycling. 𝑅𝑠𝑝 (𝑁) = 𝑁/𝜏𝑠𝑝 , 𝑅𝑆𝐻𝑅 , and 𝑅𝐴𝑢𝑔𝑒𝑟 are the spontaneous emission rate, the SRH
recombination rate, and the Auger recombination rate, respectively. Therefore, Eq. (10) can be
written as:
𝜂𝑞 =

𝐵𝑛2
𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3

𝐴𝑃𝐿 1 − 𝛾𝑟
𝐶𝑃𝐿
(1 − 𝛾𝑟 )√𝐿𝑃𝐿 )
𝜂𝑞 = (1 +
(
) +
𝐵𝑃𝐿 √𝐿𝑃𝐿
𝐵𝑃𝐿

(11)
−1

(12)

The 𝜂𝑞 (𝑁) in Eq. (10) is generally utilized as the internal quantum efficiency (IQE), but when
photon recycling (or stimulated emission) is large, the IQE is a function of Eq. (10). The IQE is
generally defined as:
𝜂𝑖𝑞 (𝑁) =

𝜂𝑖𝑞 (𝑁) =

Net photons generated in active region
carriers injected into active region

𝑅𝑠𝑝 (𝑁) − ∫ α (ℎ𝜈, 𝑁)(𝑐⁄𝑛)s(ℎ𝜈, 𝑁)𝑑ℎ𝜈
𝑅𝑠𝑝 (𝑁) + 𝑅𝑆𝐻𝑅 (𝑁) + 𝑅𝐴𝑢𝑔𝑒𝑟 (𝑁) − 𝑅𝑠𝑝 (𝑁) − ∫ α (ℎ𝜈, 𝑁 )(𝑐⁄𝑛)s(ℎ𝜈, 𝑁)𝑑ℎ𝜈

𝜂𝑖𝑞 (𝑁) =

(1 − 𝛾𝑟 )𝜂𝑞
(1 − 𝛾𝑟 𝜂𝑞 )

(11)

2.2.1.3 High-Temperature Photoluminescence Setup
The capability PL measurement system has the following capabilities:
1. Measure temperature-dependent PL from 10 -800 K.
2. Can do an excitation dependent PL study with two different lasers (blue and green). The blue
laser's operating wavelength is 395 nm, while the operating wavelength for the blue laser is
532 nm.
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3. The power rangers for blue and green lasers are 1×10−6 to 1.2× 102 mW and 1×10−6 to 5 × 102
mW, respectively.
4. The blue laser is specifically for the Wide Band Gap (WBG) material study.
5. Detection wavelength ranges from 200 – 1100 nm.
An in-house PL setup was built to characterize and study the LED materials at high
temperatures is shown in Figure 2.4.

Figure 2.4. Schematic drawing of the newly built high-temperature PL system.
2.2.2 Ellipsometry
Ellipsometry is also considered a non-invasive method that calculates variations in the
polarization state of light reflected from a surface [21]. Ellipsometry deals with intensity-related
complex totals associated with intensities for transmittance or reflectance measurements. It can be
assumed as an impedance measurement, whereas the transmittance or reflectance can be
considered power measurements. Impedance measurements provide the amplitude and phase,
while power measurements simply provide amplitudes. One reveals the complex reflection
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coefficient fraction of the sample that relies on the percentage of the complex reflection coefficient
for light polarized perpendicular and parallel to the incidence plane.
2.2.2.1 Spectroscopic Ellipsometry (SE)
Measuring the film thickness is a typical application of single wavelength ellipsometry.
Yet, ellipsometry can also be employed for other applications since the ellipsometric angles  and
Δ are delicate to film thickness and composition, microstructure, and optical constant of the film.
The SE measurements have expanded the scope of ellipsometry by employing more than one
wavelength [22]. It is also feasible to change the wavelength and the angle of incidence, offering
yet one more degree of freedom. This permits non-interfering, real-time process measurements,
for instance, layer growth monitoring during molecular beam epitaxy [23], and in-situ investigative
and process control [24]. The property of changing wavelength and angle could optimize a material
parameter of interest that is not typically achievable by fixed-angle, constant-wavelength
ellipsometry.
Variable angle spectroscopic ellipsometry (WVASE32) was performed using a fast
spectroscopic ellipsometer (J. A. Woollam Co., Inc.). Measurements were taken at 70° angles of
the incident light in steps of 5°. The spectral region from 260 to 2500 nm. Figure 2.5 shows the
WVASE. The incident light is linearly polarized, where the plane of the polarization is usually
tilted at 45° [25]. This suggests that the amplitudes and phases for electric field components (Es
and Ep) of the incident light are the same.
On the other hand, the s- and p-components of the reflected light's amplitudes and phases
are different from those in the incident light due to the multiple interferences in the thin film.
Frequently, if amplitudes and phases for the s- and p-components of light are different, the
polarization plane rotates as the light propagates (see the red arrows in Figure 2.5). The light is
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elliptically polarized light. The change in amplitudes and phases between the s- and p- components
in the reflected light are monitored as  and Δ, respectively. The values of  and Δ very much
rely on the optical constants, such as refractive index (n) and extinction coefficient (k), as well as
the thickness of the film and also on the wavelength and incident angle ɵ. The optical constants
usually have various values depending on the wavelength, and lots of values of  and Δ at several
wavelengths are typically taken to produce reliable analysis. It is feasible to find the thin film's
optical constants and thickness from the experimental values of  and Δ. In the laboratory
analysis, it is also critical to maintain Kramers–Kronig consistency [26]. The stability Kramers–
Kronig is a necessary condition that refractive indices and extinction coefficients should be
undoubtedly satisfied.

Figure 2.5 Schematic of variable angle spectroscopic ellipsometry (VASE) [25].

Ellipsometry can measure films with a thickness of 1 nm. The issues with very thin or thick films
can be as discussed as follow:
A. Very thin films:
The model is based on two assumptions. The first assumption is the uniformity of optical,
and the second assumption is the sharp planar of the film-substrate boundary. However, the
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ellipsometric equations are based on the macroscopic Maxwell's equations, which may not use
films to just some atomic layers thick. Still, the measurements seem to provide acceptable typical
thicknesses.
B. Thick films
Thick films have a different challenge. The analysis becomes extra complicated because
of optical path lengths. In the thin visible film on a substrate, the two reflected rays interfere with
one another, moving from being entirely in phase to entirely out of phase. This interference
produces the cyclical nature of thickness measurements, where  and Δ are cyclical functions of
film thickness. They repeat for the full-cycle film thickness. Therefore, when films thicker than
the full-cycle thickness, one needs to have a different experience of the film thickness to within
one full-cycle thickness [16].
2.2.3 Raman Spectroscopy
Raman spectroscopy is a vibrational spectroscopic method. It can identify both organic and
inorganic species and determine the crystallinity of solids [27]. Raman spectroscopy free from
charging influences. Raman spectroscopy is sensitive to strain, and it is utilized to detect stress in
a semiconductor material or device. The stress can be measured in small areas as the light beam
can be focused to a small diameter. The scattered light from the surface of a sample includes mostly
wavelengths that were incident on the sample (Raleigh scattering, Figure 2.6 (a)). However, the
scattered light is also noted to have different wavelengths with very low intensities (a few parts
per million or less). The diffuse light with different wavelengths from the incident light represents
the incident light's interaction with the material. The interaction of the incident light with optical
and acoustic phonons is called Raman and Brillouin scattering. The energy levels of optical
phonons are higher than acoustic phonons that give broader photon energy shifts, as shown in
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Figure 2.6. Still, the energy shift of Raman scattering is small [16]. Raman spectroscopy is only
useful when an intense monochromatic light source, such as a laser, is utilized because the intensity
of Raman scattered light is extremely weak (1/108).
There are two types of Raman scattering [28]. The first type is Stokes Raman scattering, in
which photons are excited from the initial energy level and fall to a higher energy level, as is shown
in Figure 2.6 (b). The second type is anti-Stokes Raman scattering, in which photons are excited
from the initial energy level and fall to a lower energy level, as is shown in Figure 2.6 (c).
Therefore, frequencies of emitted photons in the Stokes Raman scattering are lower than they
absorb photons. In comparison, frequencies of emitted photons in the anti-Stokes Raman scattering
are higher than the absorbed photons.

Figure 2.6. Diagram of the Rayleigh scattering (a) and Raman scattering processes (Stokes (b)
Anti-Stokes (c)).
The number of scattering molecules is proportional to the intensity of Raman scattered. The
number of molecules in each energy level follows the Boltzmann distribution (Eq. (13)) [28].

𝑁1
𝑔1 − ΔE
=
𝑒 𝐾𝑇
𝑁2
𝑔2

(13)
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where 𝑁1 and 𝑁2 are the number of molecules in the higher and lower energy level, 𝑔1 and 𝑔2 are
the degeneracy of higher and lower energy level, ΔE is the difference in energy before and after
scattering, 𝐾 is Boltzmann's constant, and 𝑇 holds for temperature.
Raman spectra reveal the intensity of scattered light against wavenumber (the reciprocal of
wavelength). The abscissa of Raman spectra is called Raman shift, which can be calculated using
Eq. 14.
𝑅𝑎𝑚𝑛𝑎 𝑆ℎ𝑖𝑓𝑡 = (

1
𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑒𝑡

−

1
𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑

) × 1017

(14)

The incident light is annotated as 𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑒𝑡 and the scattered light is annotated as 𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 . The
unit of Raman shift is cm -1 while the unit of 𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑒𝑡 and 𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 . The wavenumber is linearly
linked with the energy of incident light and scattered light. Therefore, the Raman shift of materials
typically independent of incident wavelength.
Figure 2.7 shows the schematic diagram of Raman spectroscopy measurements. During the
characterization, a laser pump beam is an incident on the sample. The spectrometer collects Raman
scattered light from the sample, and the corresponding Raman spectra contain material information
on molecular vibration and crystal structure [28]. The standard information that can be obtained
from Raman measurements is shown in Figure 2.8.

52

Figure 2.7: Schematic of the Raman setup.

Figure 2.8: The general information of Raman spectra and corresponding material information
[28].
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2.2.4 Transmission Electron Microscopy (TEM)
The transmission electron microscope (TEM) is a microscopy technique. TEM is a
beneficial instrument for material characterization. A beam of electrons with high energy is shone
through an ultra-thin specimen, interacting with the sample as it goes through. The interactions
between the high energy electrons and the atoms of the sample can be utilized to detect features of
the sample, such as the crystal structure and features in the structure like dislocations and grain
boundaries. Chemical studies can also be accomplished using the TEM technique. TEM can be
used to study the growth of layers, their composition, and defects in semiconductors. A highresolution transmission electron microscope (HRTEM) can be employed to investigate the quality,
shape, size, and density of quantum wells, wires, and dots. Figure 2.9 shows the interaction
between high energy electrons and material with a thickness of around 100 nm or less.

Figure 2.9: The interaction of high energy electron ( ~ 100- 1000 times stronger than X-ray) with
a very thin material (~ 100 nm or less).
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2.2.4.1 TEM Techniques
A. Diffraction
Selected area (electron) diffraction (SAD or selected area diffraction pattern ( SAED)) is
a crystallographic experimental technique that can be conducted inside the TEM Electrons with
energy ~ (100- 400) keV, which are considered waves, instead of particles passing through the
sample. Since the wavelength of high-energy electrons is approximately a few thousandths of a
nanometer, and the spacing between atoms in a solid is almost a hundred times bigger, the electrons
are diffracted, and the atoms perform as a grating. Therefore, a small percentage of the electrons
will be scattered to certain angles defined by the sample's crystal structure, whereas others pass
through the sample with no deflection. The ensuing TEM image will be a pattern of spots, forming
the SADP. Each spot relates to a satisfied diffraction requirement of the sample's crystal structure.
Different diffraction requirements will be met if the sample is tilted, and other diffraction spots
will be seen.
SAD is described as "selected" since the operator can simply select the sample area to find
the diffraction pattern. Positioned underneath the sample holder on the TEM column is a selected
area aperture, introduced into the beam path. This is a thin strip of metal that will block the beam.
It includes quite a few various sized holes and can be relocated by the operator. The result is to
prevent all of the electron beam except for the small portion passing through one of the holes. By
pushing the aperture hole to the sample's piece, the operator wants to investigate, the aperture picks
this specific area, and just this piece will participate in the SADP on the screen. This is critical, for
instance, in polycrystalline samples. If more than one crystal contributes to the SADP, it can be
complicated or unfeasible to examine. As such, it is practical to choose a single crystal for study
at a time. It may also be feasible to choose two crystals to read the crystallographic orientation
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between them. As a diffraction technique, SAD can be utilized to detect crystal structures and
investigate crystal defects. It is analogous to X-ray diffraction (XRD). However, the test sample
size is different, with only several hundred nanometers for SAD and ~ centimeters XRD. A
diffraction pattern is produced under broad, matching electron illumination. An aperture in the
image plane is utilized to choose the sample's diffracted area, providing site-selective diffraction
analysis. SAD patterns are an estimate of the reciprocal lattice, with lattice reflections displaying
as strong diffraction spots. SAD patterns can be employed to detect crystal structures and measure
lattice parameters by tilting a crystalline sample to low-index zone axes. SAD is essential for
setting up dark-field imaging conditions. Other SAD uses consist of lattice matching, interfaces,
twinning, and certain crystalline defects. SAD is used primarily in material science and solid-state
physics, and it is one of the most commonly used experimental techniques in those fields. SAD of
polycrystalline materials provides ring patterns and can detect quality and distinguish
nanocrystalline from amorphous phases. Figure 2.10 shows the SAD pattern for single, poly, and
amorphous crystal structures [29]. As the crystal size becomes smaller (nm), the rings become
more scattered and ultimately become halo-like when the material becomes amorphous.
B. Imaging
Figure 2.11 shows a schematic drawing of the ray path in a TEM in diffraction (a) and
imaging (b) mode [29]. Lenses and apertures of the microscope function differently depending on
whether an image or a diffraction pattern is produced. An intermediate lens is placed underneath
the objective lens. This lens makes the TEM unique. By adjusting the magnetic strength of the lens
(adjusting the current lens), one can either create an electron diffraction pattern on the screen
(observation in reciprocal space) or produce a magnified image of the sample on the screen
(observation in real space). Therefore, TEM has the most crucial advantage because it allows the
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operator to obtain complementary information from real and reciprocal space. The projector
system is a multi-lens system that monitors the image's final magnification created on the screen.

Figure 2.10. SAED patterns of an (a) amorphous material showing the typical halo ring pattern
and (b) a diffraction pattern of a polycrystalline sample with repeated, continuous rings. Note that
the distance of these rings from the origin can be utilized to determine interplanar spacings. In (c),
a regular SAED image with distinct diffraction spots of a single crystal is shown.

(a)

(b)

Figure 2.11 Schematic ray diagrams in a TEM column show the position-specimen lenses'
procedure to produce either a diffraction pattern or an image on the screen.

There are two types of imaging produced in the TEM, depending on the field, the bright
field (BF) and dark field (DF) images with being bright field as the common one. One of the
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significant differences between the BF and DF mode is which electron populations are utilized to
create the TEM image. BF image is the most popular image produced with a TEM. Various sample
areas can absorb or scatter electrons and look darker, whereas other areas that transmit electrons
look brighter. The transmitted electron beam is chosen with the aperture in the BF image, and the
scattered electrons are stopped. Since the transmitted beam is selected, areas with crystalline or
high mass materials will look dark. However, in dark field mode, the transmitted electron beam is
prohibited from the aperture, and the scattered electrons are chosen instead. Therefore, the areas
where there are no electron scattering and (e.g., the areas around the sample) will be black, whereas
the areas with materials will look bright. This method can be applied to enhance contrast when the
BF image is not clear enough, particularly when imaging crystalline features that are too small or
are submerged out of view. It can also be employed to investigate the crystal lattice, crystal defects,
stacking faults, dislocations, and particle/grain size.
TEM BF and DF and light field images can be utilized to demonstrate the size and
morphology of the sample and their crystal lattice. The most popular sources of image comparison
are particle mass and crystallinity. Electrons are scattered by heavy atoms, more light atoms. Thus,
in BF mode, the areas with heavier atoms are darker, whereas, in DF mode, these areas are brighter.
More crystalline samples are also strongly diffracted and look darker in BF mode and brighter in
DF mode. The most frequent sources of error associated with TEM images are related to aligning
and positioning a sample. It is also crucial to mention that the smaller the aperture size, the higher
the divergence. Figure 2.12 shows a schematic of imaging techniques, and Figure 2.13 shows the
BF, SAED, and DF of ZnO films [29, 30].
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Figure 2.12. Imaging techniques. (a) BF imaging (BF) utilizing the direct beam. (b) DF imaging
uses one diffracted beam away from the optic axis (c) on-axis DF imaging. The incident beam is
tilted to shift the diffracted beam onto the optical axis to reduce lens aberrations' effect.

Figure. 2.13 (a), (b), and (c) are BF image, SAED, and DF image of ZnO films
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C. EDS and EELS
Energy-dispersive X-ray spectroscopy (EDS, EDX, EDXS, or XEDS), occasionally
described

as energy

dispersive

X-ray

analysis (EDXA)

or energy

dispersive

X-ray

microanalysis (EDXMA) and electron energy loss spectroscopy (EELS) are two techniques in the
TEM for analyses or chemical characterizations. EDS is a mature technique that can be utilized
for most samples. The intensity of the created X-rays is related to the mass thickness of the sample.
Yet, this can become a constraint for very thin samples or those containing light elements. In
contrast, EELS is more appropriate for thin samples where the thickness is less than the inelastic
mean free path of electrons in the material. EELS does, on the other hand, provide a high signal to
noise for light elements.
EELS is addressed as being complementary to EDS. EELS has traditionally been a more
complicated technique. Still, it is, in principle, capable of measuring atomic composition, chemical
bonding, valence and conduction band electronic properties, surface properties, and elementspecific pair distance distribution functions. EELS tends to perform well at relatively low atomic
numbers. The excitation edges tend to be sharp, well-specified, and at experimentally available
energy losses (the signal is very weak beyond three keV energy loss). EELS is possibly well
developed

for

the

elements

extending

from

carbon

through

the 3d

transition

metals (from scandium to zinc) [31]. The main difference between the EDS and EELS is energy
resolution between the two techniques (~1 eV or better for EELS, perhaps a few tens of eV for
EDX). The study will focus on the EDX (EDS) technique.
EDS depends on an interaction of some source of X-ray excitation and a sample. EDS
characterization abilities are expected mainly to the fundamental principle that every single
element

has

a

unique atomic

structure providing

a

unique

set

of

peaks

on

its
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electromagnetic emission spectrum. The peak positions are projected by Moseley's law with
precision much better than the experimental resolution of a typical EDS instrument. To increase
the emission of the X-ray characteristic from a sample, a beam of X-rays is concentrated into the
sample being examined. At relaxation, an atom inside the sample comprises unexcited state (or
ground) electrons in different energy levels or electron shells bound to the nucleus. The incident
beam might excite an electron in an interior shell, removing it from the shell while forming
an electron-hole where the electron was. An electron from an exterior, higher-energy shell then fill
up the hole, and the change in energy between the higher-energy shell and the lower energy shell
could be released in the form of an X-ray. An energy-dispersive spectrometer can measure the
amount and energy of the X-rays produced from a sample. As the X-rays' energies are
characteristic of the change in energy between the two shells and of the atomic structure of the
emitting element, EDS permits the elemental composition of the sample to be measured. Typical
EDX and EELS techniques using the TEM machine is shown in Figure 2.14.

Figure 2.14. Quantitative STEM-EDX mapping (a) and line scan of EDX mapping of SiGe film
(b). The composition of Si and Ge 15 and 85%, respectively. Total EELS signal of SiGe film (c)
Ge L edge is visible, but the Si K edge is not visible from the whole EELS signal due to fast
acquisition and a relatively lower concentration of Si.
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2.2.5 X-Ray Diffraction (XRD)
The XRD analysis's most important task is to determine the crystal structure of thin films,
namely the determination of symmetry, unit cell parameters, atoms coordinates, atoms
displacement parameters, bond lengths and angles between the atoms, topology of a structure. The
structure determination procedure is feasible to refine such crystallographic characteristics as
ordering/disordering of cations (anions), site occupancy factor, and the study of superstructures.
The findings of crystal structure refinement might be the foundation for broader conclusions. For
instance, the determination of crystalline materials' symmetry is essential to understand its creation
conditions. It is understood that quite a few polymorphs might occur for one and the equivalent
chemical composition related to its production requirements.
XRD utilizes electromagnetic waves with a wavelength on the order of one angstrom.
Because wave diffraction appears when the diffracting object's dimensions are of the equivalent
order of magnitude as the wavelength of the incident wave, X-rays are perfectly appropriate to
investigate crystal lattice structures.
XRD of semiconductor thin films is usually performed in a diffractometer. The X-ray
source is called an X-ray tube, which comprises a water-cooled copper target onto which an
accelerated electron beam (~10 keV) is imposing inside a vacuum tube. As a result of the
bremsstrahlung effect, X-rays are produced with the copper element's wavelengths.
Bremsstrahlung is the earliest German name for developing X-rays through electron deceleration
during its interaction with the Coulomb field of the nucleus (of copper, in this case). X-rays are
created over these inelastic interactions, which can have energies as high as the beam energy.
These X-rays are then filtered and collimated into a beam via a monochromator's utilization
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containing approximately ideal silicon crystals located at precisely selected angles to allow
reflection of the X-rays. Figure 2.15 shows the XRD machine that was used in this work.
Diffracted optics

Sample stage

detector slits

Detector

X-ray source

Figure 2.15. Photo of Philips X’pert PRO XRD system, which was used in this study.
The peaks in an XRD pattern are directly associated with the atomic distances. For a
provided set of lattice planes with an interplane distance d, the requirement for diffraction (peak)
to occur can be noticed utilizing Bragg’s law (Eq. 15):
2𝑑𝑠𝑖𝑛θ = 𝑛𝜆

(15)

where θ is the incident angle, λ is the X-ray wavelength, and n is an integer indicating the order of
the diffraction peak. Figure 2. 16 shows the schematic diffraction of X-ray by a crystal.
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.

Figure 2.16. Schematic of diffraction of X-rays by a crystal.
XRD measurements on semiconductors can produce valuable information such as:
1. Lattice constants: The mismatch between the epilayer and the substrate perpendicular to the
growth plane can be defined, revealing strain and stress.
2. Rocking curve (RC): The width of the X-ray RC called full width at half maximum (FWHM)
in units of arcsec or arcmin is inversely correlated to the number of dislocations in the epilayer.
Hence, this measurement can be utilized as a measure of film quality.
3. Thickness and quality of superlattices: The thickness of the different layers in multilayer
structures like superlattices can be defined by the distance between the satellite peaks showing
the main peak's sides. Also, the intensity and number of satellite peaks are measures of the film
quality.
There are four types of scans:
I.

The rocking curve in which the X-ray intensity is plotted against ꞷ. This scan is also called
an omega (ꞷ) scan.
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II.

A detector scan is where X-ray intensity is plotted against 2θ. In This scan, ꞷ is fixed. This
scan is also called a 2thea-omega scan (2θ − ꞷ).

III.

A coupled scan wherein X-ray intensity is plotted against 2θ. This scan ꞷ is also changing,
and it is related to 2θ with

Eq. 16. The coupled scan combines the (ꞷ) and (2θ −

ꞷ) scans. This scan is also known as a reciprocal space map (RSM)
ꞷ=

1
(2θ) + offest
2

(15)

A coupled scan is utilized to calculate the Bragg diffraction angle. Figure 2.17 shows the types of
scans.

Figure 2.17. A schematic diagram of different types of scans can be conducted during XRD
measurement.

IV.

Phi scan
By conducting, a 𝜑-scan, 𝜔 and 2𝜃 are remained constant while the sample is rotated

around the 𝜑-axis (or s-axis in Figure 2.17).
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Chapter 3 Systematic Investigation of Spontaneous Emission Quantum Efficiency Drop up
to 800 K for Future Power Electronics Applications
This chapter is adapted from a published paper:
A. Sabbar, S. Madhusoodhanan, S. Al-Kabi, B. Dong, J. Wang, S. Atcitty, R. J. Kaplar, D.
Ding, H. Alan Mantooth, S.-Q. Yu and Z. Chen, "Systematic Investigation of Spontaneous
Emission Quantum Efficiency Drop up to 800 K for Future Power Electronics Applications," in
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 8, no. 1, pp. 845-853,
March 2020.
Abstract
Future high-density power electronics applications may require high-temperature
optoelectronic devices for gate drive. Thus, a systematic study of optoelectronic material from 10
to 800 K has been performed to understand the potential of the high-temperature operation of
optoelectronic devices. The temperature dependence of the photoluminescence (PL) of indium
gallium nitride/gallium nitride multiple quantum wells was studied. The integrated PL intensity
dropped by order of magnitude at 800 K compared to 10 K. The spontaneous emission quantum
efficiency was calculated from the power-law relation linking the integrated PL signal and the
excitation pump power. The validation of the traditional ABC model for solid-state lighting is
extended to 800 K. This paper demonstrates the feasibility of developing high-temperature
optoelectronic devices, which have operating temperatures over 500 K.
3.1 Introduction
Semiconductor optoelectronic devices have significantly impacted daily life, with many
important applications ranging from solid-state lighting, telecommunications, industrial systems,
medical equipment, defense, and consumer electronics. Most of the semiconductor optoelectronic
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devices are designed to operate from room temperatures to moderately elevated temperatures (for
example, 350–373 K), primarily determined by the working environment of the designated
application. Commercial light-emitting diodes (LEDs) for lighting and display need to work up to
400 K [1]. Semiconductor optoelectronics typically can perform well at low temperatures if special
considerations are made for device packaging. However, their high-temperature operation has not
been well explored or thoroughly studied, although high-temperature electronics have been
successfully developed for many years for targeted applications in extreme environments [2], [3].
So far, there are very few reports of optoelectronic devices specifically designated for hightemperature applications. Table 3.1 provides a survey of many reported high-temperature
applications using different optoelectronic devices, e.g., emitters, detectors, and solar cells. Table
3.1 covers the last 30 years and lists the semiconductor materials, the characterization
temperatures, and the room temperature working wavelength. Visible-light communication and
energy-efficient lighting are the main applications for high-temperature LEDs. At the same time,
flame detection in the engine, aerospace, petroleum industrials, and solar-blind sensing are the
main applications for high-temperature detectors. High-temperature solar cells are mostly used for
space applications and thermal hybrid solar systems.
Our motivation to study high-temperature optoelectronics for the work presented in this
study is driven by a much broader range of emerging power electronics applications, for example,
electric vehicles, the power grid, rail transportation, energy storage, and renewable energy, which
represent a tremendous potential impact on comparison to that of the niche applications shown in
Table 3.1. High-density power modules are the core of the abovementioned power electronic
applications. The increasing demands for high-density power modules from such applications
drive the scaling of the power modules in terms of size, weight, power density, and operating
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temperature. The continuous scaling of the power modules calls for the development of hightemperature optoelectronic devices.
Table 3.1 Optoelectronic devices characterized at high temperatures.
Material/Device
λ*
T** Device Applications
18
454 500
Visible light communication
GaN LED
19
450 500
Energy-efficient light source
InGaN/GaN LED
20

GaInN LED
21
ZnO/AlGaN LED
22
ZnSSe Detector
InGaN Detector
24
GaN Detector

23

25

Si (SOI) Detector
22
ZnS Detector
22
ZnSTe Detector
26
4H-SiC Detector
6H-SiC Detecotor

27

28

AlGaN Detector
29
InGaAs Detector
30
AlN Detector
31
GaAs PV
AlGaInP PV
33

32

InGaN PV
34
GaInN/GaN PV
35
InGaP PV
36
InGaP/InGaAs/Ge PV

440
389
382

450
500
295

Automotive lighting and street lighting
High temperature and harsh environments
Aerospace, automotive, and petroleum industries

378
370

423
600

Flame detection for hot engine
Astronomy, ﬂame detection, and engine monitoring

370
340
320
300
295

523
423
423
573
826

Radiation environment
Aerospace, automotive, and petroleum industries
Aerospace, automotive, and petroleum industries
Flame detection in automotive engine
High temperature and harsh environments

275

423
573
573
723

Solar-blind sensing
Space and military applications
Solar-blind sensing
Space and thermal hybrid solar system

673

Space and thermal hybrid solar system

873
673
673
513

Space missions, optical power transmission
Thermal hybrid solar system
Space application
Space applications

λ* is the wavelength at room temperature (nm)
T** is the highest characterization temperature (K)

To overcome the temperature, frequency, and power density limitations of traditional Sibased power modules, wide bandgaps (WBG) materials such as SiC and GaN are implemented in
high-density power modules. High-density power modules based on WBG devices can safely
operate at a temperature of up to 525 K [23]. High- temperature and high-frequency capabilities of
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WBG-based power modules help to reduce the size of passive components (as reducing the input
and output capacitance requirements) and cooling elements, which increases the power efficiency
and power density. Electrical galvanic isolation is always required in the gate driver and power
supply circuitry to prevent noise propagation and guarantee the robustness of the power module.
However, bulky gate transformers, as illustrated in Figure 3.1, along with modulation and
demodulation circuitry, are typically implemented to provide electrical isolation between the highvoltage power devices and the low-voltage gate drivers. The size and weight of these gate
transformers impede further scaling of the high-density power modules. Figure 3.1 shows the
world’s first SiC vehicular inverter power module [Figure 3.1(a)] and its gate driver board based
on low-temperature co-fired ceramic. The power module was demonstrated with continuous
operation up to 525 K. Optocouplers (i.e., a packaged LED and a detector) as promising candidates
to replace the bulky gate transformers are therefore highly desirable. The use of optocouplers may
lead to ultrahigh-density 3-D power modules capable of achieving disruptive performance in terms
of thermal management, power density, power efficiency, reliability, and operating environment.
Although the implementation of optocouplers as the galvanic isolation is common in power
modules operating at room temperature, the use of optocouplers in WBG-based power modules is
limited by the performance degradation of optocouplers at high temperatures. Therefore, LEDs
and detectors that can reliably operate at 525 K with at least a 10-year lifetime are highly desirable
for next-generation high-density power electronics applications.
Traditional semiconductor optoelectronic materials and devices have significant difficulty
functioning at high temperatures. There are three significant challenges to develop hightemperature optoelectronic devices with a long device lifetime. First, the intrinsic spontaneous
emission QE of the optoelectronic materials will drop at high temperatures, which leads to the
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reduction of the LED’s light output if the injection level is kept constant. On the other hand, with
rising temperature, the detector’s responsivity will decrease, and the dark current will increase.
The combined effect is a substantially reduced output signal-to-noise ratio. Second, the existing
semiconductor front-end and back-end processing required for an optoelectronic device may not
be compatible with the high-temperature operation. For example, the metallization and bond-pad
materials may degrade at elevated temperatures. The packaging of optoelectronic devices also has
a limited operating temperature range. Finally, the reliability of optoelectronic devices at high
temperatures is expected to be substantially reduced. The lifetime of semiconductor
optoelectronics is usually characterized under accelerated aging conditions, with a performance at
elevated temperatures compared to normal operating conditions. However, the expected normal
operating temperature for the LEDs for the proposed power electronics applications is already
much higher than standard optoelectronics lifetime testing temperatures. Therefore, the wellestablished lifetime testing methodology must be re-examined for its validity at the higher
temperature range, or a new testing methodology must be established.

Figure 3.1. Optocouplers to replace gate transformers as the galvanic isolation for SiC-based highdensity power module [24], [25].
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Our approach to develop high-temperature optoelectronics starts by examining the
fundamental device physics at high temperature through a systematic characterization of the
optoelectronic materials using the PL technique starting at low temperature (e.g., 10 K) up to high
temperature (e.g., 800 K). Power-dependent PL measurements were performed to investigate the
spontaneous emission QE drop of the semiconductor materials at high temperatures by applying
the well-known carrier recombination model containing the three dominant processes, namely,
Shockley–Read–Hall (SRH), radiative, and Auger recombination, and examining the model
validity up to 800 K [26]. This model is known as the ABC model. It now considers the link
between the experimental and theoretical studies of recombination processes since the origin of
efficiency drop cannot be expressed directly by experimental measurements. The ABC model is
used normally used up to moderate temperatures such as 300–400 K. However, in this chapter, it
was extended up to 800 K. This thorough investigation has evaluated the feasibility of the
optoelectronic materials to operate at high temperatures and has laid down a solid foundation for
the future development of high-temperature optoelectronics.
Although there are many reports of optoelectronic materials characterized from cryogenic
temperature to room temperature [26], it is surprising that systematic reports studying
optoelectronic materials at high temperatures are minimal. Table 3.2 summarizes the PL and other
optical characterizations of optoelectronic materials at high temperatures, grouped by a different
material system. The original motivations for these PL characterizations are mainly focused on in
situ growth monitoring and material defect analysis. A quantitative analysis of spontaneous
emission QE versus a broad temperature range is lacking.
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Table 3.2 High-temperature optical characterizations on optoelectronic materials [5].
Material
λ*
T**
Motivation/Applications
In0.41Ga0.59As0.98N0.02
In0.41Ga0.59As6

6

1300
1180

500

Optoelectronic devices above RT

500

Optoelectronic devices above RT

1078

500

Material analysis

970
860
740

873
873
873

In-situ growth monitoring
In-situ growth monitoring
In-situ growth monitoring

517

1100

Material and defect analysis

11

450-500

788

Laser diode and photodiodes

11

220-500

788

436.5
370

1100
500

Laser diode and photodiodes
In-situ growth monitoring

365

1100

In-situ growth monitoring

298

800

Material and defect analysis

217.5

800

Material and defect analysis

681

570

Material and defect analysis

550-680
375

800
1623

Nanocrystals surface passivation study

7

InAs

8

InGaAs
GaAs9

9

GaAlAs

10

AlxGa1-xN: Si
GaN
AlN

InGaN
13
AlN

12

12

GaN

14

Al0.62Ga0.38N
Al0.90 Ga0.1N
15

SiC

16

InP
17
ZnO

Material and defect analysis

Material and defect analysis

λ* is the wavelength at room temperature (nm)
T** is the highest characterization temperature (K)
3.2 Experiment
In this chapter, the relatively mature indium gallium nitride (InGaN) LED materials, grown
as multiple quantum well (MQW) structures (green) that are commercially available for display
and lighting applications, were selected for initial testing. The rationale for the selection is their
demonstrated high material quality, high device performance, and high reliability. Optoelectronic
materials with blue and red emission for display and lighting have been tested as well, and the
results will be reported separately. The InGaN/GaN MQW structures were grown on a sapphire
substrate. Figure 3.2 shows the epitaxial structure of the LED material. Initially, the sapphire
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substrate was cleaned, followed by the growth of a 20-nm-thick AlN buffer layer. Then, a 2.5-μmthick undoped GaN layer and a 2-μm Si-doped n-GaN layer. The quantum well (QW) structure
consisted of ten periods of 3-nm undoped InGaN wells and 12.5-nm Si-doped GaN barriers grown
on a 0.4-μmthick n-GaN layer. After that, a low-temperature Mg-doped p-GaN layer with a
thickness of 65 nm was grown directly on the MQW, followed by seven periods of a 10-nm-thick
p-AlGaN to be used as an electron blocking layer (EBL).
Finally, a high-temperature Mg-doped p-GaN layer with a thickness of 200 nm was grown
on top of the EBL, followed by the growth of a 5-nm-thick p-GaN contact layer. Temperature- and
power-dependent PL measurements were performed using a standard off-axis configuration. The
excitation source was a continuous-wave laser operated at 395 nm with a focused spot size of ∼60
μm. The power incident on the sample was varied from 1 to 110 mW. A Lakeshore 335 temperature
controller was used to control the temperature inside the vacuum-sealed Janis cryostat (Model: ST
−100H), modified to withstand a wide range of temperatures (10–800 K). The PL emission was
collected by a Horiba 550 spectrometer integrated with a photomultiplier tube. The scattered laser
light was eliminated by placing a long-pass filter at the spectrometer entrance.

Figure 3. 2.

Schematic of epitaxial growth material.
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The spontaneous emission QE of the InGaN/GaN MQW structure was calculated using the
power-law relation linking the integrated PL intensity of the spectrum and the excitation pumping
power [26]. Excitation-power-dependent PL intensity was measured at different temperatures to
calculate the spontaneous emission QE. The detailed calculations of spontaneous emission QE
using the power-law relations are described in [26]. In the PL measurement, the electron-hole pair
photoexcitation density cm-3 s-1 is directly proportional to the excitation pumping power absorbed
in the active region of the sample. The electron-hole pair photoexcitation density is equal to the
total electron-hole pair recombination rate in the active region. Besides, the PL signal integrated
over energy, 𝐿𝑃𝐿 (photons/s), is proportional to the spontaneous emission rate per unit area per
unit length (cm-3 s-1) from the active region [26].
This theory yields the relation between excitation pumping power, 𝑃𝑃𝐿 , and energyintegrated PL signal, 𝐿𝑃𝐿 , represented as
𝑃𝑃𝐿 = 𝐴𝑃𝐿 (𝐿𝑃𝐿 )1/2 + 𝐵𝑃𝐿 𝐿𝑃𝐿 + 𝐶𝑃𝐿 (𝐿𝑃𝐿 )3/2

(1)

Where the 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and 𝐶𝑃𝐿 coefficients are related to the SRH, radiative, and Auger
recombination processes, respectively. These coefficients also are the best fitting parameters
determined by fitting (1) to excitation pump power versus integrated PL intensity measurements.
Using the best fitting parameters, the spontaneous emission QE 𝜂 is expressed as
𝐴𝑃𝐿 1 − 𝛾𝑟
𝐶𝑃𝐿
(1 − 𝛾𝑟 )√𝐿𝑃𝐿 )
𝜂 = (1 +
(
) +
𝐵𝑃𝐿 √𝐿𝑃𝐿
𝐵𝑃𝐿

−1

(2)

where 𝛾𝑟 is the photon recycling factor (which is defined as a fraction of the spontaneously emitted
photons that are reabsorbed in the active regions [26]). Equation (2) provides a straightforward and
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accurate spontaneous emission QE calculation from the excitation power-dependent PL
measurements.
3.3 Results and Discussions
Figure 3.3 shows the evolution of the InGaN-related portion of the PL spectra for the
InGaN/GaN MQWs over a temperature range from 10 to 800 K. The peak wavelength at room
temperature is around 516 nm [39]. The spectral peak positions were redshifted from 513 nm at
10 K to 545 nm at 800 K. The redshift is due to the bandgap shrinkage and can be described by
the Varshni empirical equation [40]. The high-energy side of the PL spectra shows a gradual
decrease in the intensity when the temperature increases. However, the low-energy side is less
dependent on temperature; for example, the tail of the low-energy side shows minimal temperature
dependence. The temperature-independent behavior of the low-energy side is due to the strong
indium segregation in InGaN [41]. The low-energy spectra of the InGaN/GaN MQW structure are
dominated by emission at localized states in the In-rich regions [42]. On the high-energy side, the
tail of the PL spectra becomes broader when the temperature increases. This behavior suggests
increasing the carrier populations in the conduction and valence bands at high temperatures [43].
The inset in Figure 3.3 shows the integrated PL intensity for the InGaN-related PL emission over
the measured temperature range. The total luminescence intensity from the sample is reduced by
only one order of magnitude from 10 to 800 K, indicating a high spontaneous emission QE even
at high temperatures. The quenching of the luminescence with an increase of the temperature is
mainly due to the dominance of the nonradiative recombination at elevated temperatures. At high
temperatures, the injected carriers possess high thermal energy, which causes the carriers to escape
from the QWs and recombine nonradiative. Apart from the carrier escape, the high rate of
nonradiative recombination in the QWs also leads to a PL intensity drop at high temperatures
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Figure 3.3 Temperature-dependent PL spectra of InGaN/GaN MQWs, and integrated PL intensity
versus temperature (inset).
Figure 3.4 illustrates the laser pumping power versus integrated PL intensity. The dots are
the experimental results, while the solid lines are the fits of (1) to the data. The curves converge
toward the unity QE line at 10 K due to decreased radiative lifetime. The experimental curves will
move toward this line as the temperature decreases due to an increasing radiative recombination
coefficient. Besides, they will ultimately move away from the unity spontaneous emission QE line
as Auger recombination becomes the dominant process. The best-fitting parameters 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and
𝐶𝑃𝐿 were extracted from the fitted curves. This traditional ABC co-efficiency model shows a good
fit to the experimental data above 10 K. It is worth noting that the ABC models are still valid even
at 800 K. With the same laser pumping power, a significant drop of the integrated PL intensity
with increasing of temperature can be observed, especially above 600 K. The slope of the curves
decreases at lower injection levels (<15 mW) as the temperature increases, indicating a drop in
spontaneous emission QE at higher temperatures. This behavior could be due to the dominance of
nonradiative recombination at higher temperatures.
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Figure 3.4. Power-dependent integrated PL intensity of InGaN/GaN MQWs from 10 to 800 K.
Figure 3.5 shows the temperature-dependent spontaneous emission QE calculated using
(2). The solid curves are the simulated data per (2) for injection levels above and below the
experimental limits, while the dots are the experimental data. The photon recycling factor is
assumed to be zero in this calculation. The spontaneous emission QE peak was recorded for an
injection level of less than one mW when the temperature is below room temperature. The results
can be divided into three groups. Group 1 consists of the curves from 10 to 400 K, in which the
measured data are all located on the right-hand side of the peak of the spontaneous emission QE.
The radiative recombination process dominates in this region. Group 2 consists of the curves from
500 to 750 K. The measured data cross the highest spontaneous emission QE peak, which indicates
a decrease of the radiative recombination process and an increase of the nonradiative processes.
Group 3 consists of the data above 750 K, in which most of the measured data points are on the
left-hand side of the spontaneous emission QE peak. The Auger nonradiative recombination
dominates in this region. The injection level, at which the peak of the spontaneous emission QE
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occurs, increases as the temperature rises. At 800 K, the spontaneous emission QE peak occurs at
an injection level above 110 mW, which is the limitation of the laser used. This behavior suggests
that the nonradiative recombination rate dominates even at a low injection level when the
temperature is below room temperature.
At high temperatures, nonradiative recombination, along with the escape of thermally
activated carriers from the QWs, causes the spontaneous emission QE to drop. These results
suggest that the Auger and SRH recombination rates are both temperature- and injection-level
dependent. Further study is needed to determine the behavior of the Auger and SRH recombination
rates at different temperatures and injection levels.

Figure 3.5. Spontaneous emission QE versus the integrated PL intensity for InGaN/GaN MQWs.
The spontaneous emission QE peak was plotted as a function of temperature as shown in
figure 3.6. The peak of the spontaneous emission QE is almost unity at 10 K. As the temperature
increases, the peak of the spontaneous emission QE decreases. The dominance of Auger
recombination at higher temperatures explains the drop of the spontaneous emission QE peak at
temperatures above 400 K. The InGaN/GaN MQW behavior exhibits high thermal stability, as the
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spontaneous emission QE peak is almost temperature independent up to 400 K since the
spontaneous emission QE peak is above 90%. The operating temperature for optocouplers in the
future high-density power modules is expected to be in the range of 300 to around 525 K. The
spontaneous emission QE peak of the InGaN/GaN MQWs at 500 K is 81%, which indicates a
strong potential to successfully operate optoelectronic devices near 500 K. A 44% spontaneous
emission QE peak can still be obtained for the sample at 800 K.

Figure 3.6. The peak of spontaneous emission QE of InGaN/GaN MQWs from 10 to 800 K, with
the targeted device operating temperature.
Figure 3.7 shows the laser power at which the maximum spontaneous emission QE of the
InGaN/GaN MQWs is obtained as a function of temperature. To achieve the maximum
spontaneous emission QE in this material below room temperature, less than 1-mW laser excitation
power is needed. The laser power used to obtain the maximum spontaneous emission QE from 77
to 600 K is magnified in Figure 3.7. At 600 K, the laser power required to achieve the highest
spontaneous emission QE is less than three mW. These results strongly suggest that high-
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temperature optoelectronic devices could be operated at maximum spontaneous emission QE
without a high injection level. Above 600 K, a relatively high injection level needs to be provided
to achieve the highest efficiency due to the domination of Auger recombination at high
temperatures.

Figure 7. Excitation pump power for maximum spontaneous emission QE at different temperatures
and expanded view the temperature range from 10 to 600 K (inset).
Fig. 8 illustrates the integrated PL intensity plotted as a function of temperature, obtained
from multiple experimental runs to understand the repeatability of the PL measurements and the
stability of the optoelectronic material at high temperatures. All runs were performed on the same
sample under the same characterization conditions. Run 1 represents the measurement of the
sample from 77 to 800 K. Run 2 is a test after 24 h on the same sample using the same laser spot.
In run 3, a measurement of the sample was moved from its original position using a movable stage
so that the laser hits a different place of the same sample to study degradation due to the laser. It
can be observed that the sample shows no degradation with the repeatable integrated PL intensity
for all three measurements.

83
3.4 Conclusion
In conclusion, the spontaneous emission QE of the commercially available epitaxial
material (i.e., InGaN/GaN MQWs) was extracted using a power-law relation over a wide range of
temperatures from 10 to 800 K. The integrated PL intensity of the heterostructure was reduced
only by order of magnitude at 800 K compared to 10 K. The traditional ABC model has been
extended to the high-temperature region up to 800 K. The spontaneous emission QE shows small
temperature dependence up to 400 K, indicating high thermal stability of the optoelectronic
material. The sample exhibits a peak QE of 44% at 800 K. The laser power required to achieve the
maximum spontaneous emission QE has very little dependence on the temperature at temperatures
below 600 K. The InGaN/GaN MQW structure exhibits excellent repeatability of PL
characterization at high temperatures. These results demonstrate excellent potential for the
InGaN/GaN heterostructures to be utilized in the field of high- temperature optoelectronics. This
paper has set up the basic framework to develop high-temperature LEDs and detector devices for
gate drivers in the future ultrahigh density power modules.

Figure 3.8. Integrated PL intensity of InGaN/GaN MQWs over multiple experimental runs.
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Chapter 4

High Temperature and Power Dependent Photoluminescence Analysis on

Commercial Lighting and Display LED Materials for Future Power Electronic Modules
This chapter is adapted from a published paper:
A. Sabbar, S. Madhusoodhanan, B Dong, J Wang, S Atcitty, R. Kaplar, D. Ding, A.
Mantooth, S-Q. Yu and Z. Chen, " High Temperature and Power Dependent Photoluminescence
Analysis on Commercial Lighting and Display LED Materials for Future Power Electronic
Modules, "Sci. Rep., vol. 9, no. 1, 2019.
Abstract
Commercial light-emitting diode (LED) materials - blue (i.e., InGaN/GaN multiple
quantum wells (MQWs) for display and lighting), green (i.e., InGaN/GaN MQWs for display),
and red (i.e., Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P for display) are evaluated in a range of temperature
(77–800) K for future applications in high-density power electronic modules. The spontaneous
emission quantum efficiency (QE) of blue, green, and red LED materials with different
wavelengths was calculated using photoluminescence (PL) spectroscopy. The spontaneous
emission QE was obtained based on a known model, so-called the ABC model. This model has
been recently used extensively to calculate the internal quantum efficiency and its droop in the IIInitride LED. At 800 K, the spontaneous emission quantum efficiencies are around 40% for blue
for lighting and blue for display LED materials, and it is about 44.5% for green for display LED
materials. The spontaneous emission QE is approximately 30% for red for display LED material
at 800 K. The advance reported in this paper evidences the possibility of improving hightemperature optocouplers with an operating temperature of 500 K and above.
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4.1 Introduction
The need for high-temperature optocouplers, which can be reliably operated over 500 K,
is currently driven by the high-temperature requirements in the next generation high-density power
electronics [1]. The optoelectronic materials, which can be utilized at high temperatures, are
essential for the advance of high-temperature optocouplers. Therefore, the development of hightemperature optocouplers, which can be operated at elevated temperatures (over 500 K) with an
extended lifetime, requires a systematic study of optoelectronic materials and devices at high
temperatures. Numerous groups studied optoelectronic materials and devices from cryogenic
temperature to room temperature [ 2–6]. However, systematic understandings on optoelectronic
materials and devices at high temperatures (above 500 K) are still minimal [7–18]. We previously
reported the spontaneous emission QE of one type of LED materials up to 800 K to improve hightemperature optocouplers1. The published material is indium gallium nitride (InGaN) based on the
commercial green LED material for display applications. Power- and temperature-dependent
photoluminescence (PL) measurements were carried out to estimate the changes in the
spontaneous emission quantum efficiency (QE) temperature ranging from 10 K to 800 K. The peak
spontaneous emission QE of this green LED material for display is over 80% at 500 K while it is
around 44% at 800 K. The so-called ABC model, which is the carrier recombination model, was
used in the study to estimate the spontaneous emission QE. This model is typically used in
temperatures ranging from 10 K to 300 K. However, it was extended in our previous work up to
800 K to check the validity of the model at elevated temperatures.
In this chapter, the study on the LED materials at high temperatures was expanded to
commercial LED materials for both display and lighting applications. Commercially available
LED displays generally utilize the combinations of RGB (Red, Green & Blue) LEDs to adjust the
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color and dimming level. Displays based on high brightness RGB LEDs can yield almost any
color, as well as the white one. For the lighting application, the white light can be created by either
the combinations of RGB LEDs or the phosphor induced blue LEDs [19]. By incorporating the
phosphorus into the body of the blue LEDs, a portion of the blue light is changed to yellow. When
blended with the yellow color, the blue LED will emit the white light. As shown in Table 2.1, we
studied four types of commercial LED materials, which are - blue for display (i.e., sample A1),
blue for lighting (i.e., sample A2), green for display (i.e., sample B) and red for display (i.e., sample
C). The peak wavelength for A1, A2, B, and C are 467 nm, 448 nm, 515 nm, and 629 nm,
respectively. All the blue and green LED materials are based on the InGaN/GaN MQWs on the
sapphire substrates. The red LED material consists of the Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs
on the GaAs substrate. All these commercial LED materials were systematically examined and
compared to evaluate if they can satisfy the light output requirements in the optocouplers at high
temperatures. The excitation pumping power in PL measurements was extended to a wide range
of six orders of magnitudes (i.e., from 1 × 10−4 mW to 2.5 × 102 mW). This chapter explored the
feasibility of these commercial displays and lighting LED materials for high-temperature
applications. This work serves as a foundation for advanced high-density power modules in which
high-temperature optocouplers as an isolation system.
Table 4.1 Commercial LEDs samples with different peak wavelengths and compositions, which
are characterized in this chapter.
Application Blue LED
Green LED
Red LED
Display
A1 (467 nm)
B (515 nm)
C (629 nm) Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P
InGaN/GaN
InGaN/GaN
Lighting
A2 (448 nm)
InGaN/GaN
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4.2 Experiment
Blue and green LED materials, consisting of InGaN/GaN MQW structures (i.e., sample
A1, A2, and B), were all deposited on the sapphire (Al2O3) substrates. Sample B was described in
detail in previous work [1]. Before the growth, the sapphire substrate was cleaned. Then, deposit
a 20-nm-thick AlN buffer layer followed by a 2.5-μm-thick undoped GaN layer and a 2-μm Sidoped n-GaN layer, respectively. For blue LEDs materials (samples A1 and A2), a pre-quantum
well structure consists of six pairs of 1.5-nm undoped InGaN wells and 7-nm Si-doped GaN
barriers was grown on a 0.4-μm-thick n-GaN layer, as shown in Figure 4.1 (a). The MQW active
region consists of nine periods of 3-nm-thick InGaN well layers, and 12-nm-thick GaN barrier
layers were formed. Next, a low-temperature Mg-doped p-GaN layer was deposited directly on the
MQW, followed by a p-AlGaN layer (an electron blocking layer (EBL)). Lastly, a 5 nm thick pGaN contact layer was grown as the last layer after the high-temperature Mg-doped p-GaN layer
was deposited on top of the EBL. There are no pre-quantum wells for the green LEDs (sample B),
as shown in Figure 4.1(b). The MQW active region consists of ten pairs of 3-nm-thick InGaN well
layers and 12.5-nm-thick GaN barrier layers.
Red LED material, which consists of Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs, was grown
on the GaAs substrate (Figure 4.1 (c)). At first, the substrate was cleaned. Then, a 200-nm-thick
GaInP etch stop layer was grown. Then, an 80 nm-thick Si-doped GaAs layer was deposited as an
ohmic layer. After that, a 3-μm Si-doped n-AlGaInP layer was deposited, followed by a 350-nm
Si-doped n-AlInP layer. The quantum well structures are formed by fifteen pairs of 5-nm
Al0.05Ga0.45In0.5P quantum well (QW) layers and 7-nm Al0.4Ga 0.1In0.5P quantum barrier (QB)
layers. After that, an undoped u-AlInP was deposited directly on the MQW. Finally, the Mg-doped
p-AlInP layer was deposited, followed by a 1.8-μm thick p-GaP contact layer.
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The standard off-axis configuration was utilized to perform the temperature- and powerdependent PL measurements. For all blue and green LED materials, a continuous-wave laser
functioned at 395 nm with a focused spot size of ~60 μm was used as an excitation source. For the
red LED material, also a continuous-wave laser functioned at 532 nm with a focused spot size of
~90 μm has used the excitation source. The power incident on the sample was wide-ranging from
1 × 10−4 mW to 2.5 × 102 mW. The sample is mechanically retained to the sample holder, which
was placed inside a cryostat. Multiple measurements were performed on the samples to ensure the
characterization results are repeatable.

Figure 4.1 Schematic epitaxial structure of four samples. (a) Sample A1 is a blue LED for display,
and sample A2 is a blue LED for lighting. (b) Sample B is a green LED for display, and (c) Sample
C is a red LED for display.
The calculations were discussed in detail previously [1,2]. The power-law relation relating
the integrated PL intensity of the spectrum and the excitation pumping power was used to calculate
the spontaneous emission QE of the InGaN/GaN and AlGaInP/AlGaInP MQWs. The relation
between the integrated PL intensity ( 𝐿𝑃𝐿 ) and the excitation pumping power (𝑃𝑃𝐿 ) is given by
1

3

𝑃𝑃𝐿 = 𝐴𝑃𝐿 (𝐿𝑃𝐿 )2 + 𝐵𝑃𝐿 𝐿𝑃𝐿 + 𝐶𝑃𝐿 (𝐿𝑃𝐿 )2

(1)

where 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and 𝐶𝑃𝐿 represent the recombination coefficients for the (SRH), radiative, and
Auger recombination processes, respectively. These coefficients can be obtained by fitting Eq. (1)
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to the excitation pump power against the integrated PL intensity measurements. After the best
fitting parameters extracted, the spontaneous emission quantum efficiency (𝜂) can be calculated
using Eq. 2
𝐴𝑃𝐿 1 − 𝛾𝑟
𝐶𝑃𝐿
(1 − 𝛾𝑟 )√𝐿𝑃𝐿 )
𝜂 = (1 +
(
) +
𝐵𝑃𝐿 √𝐿𝑃𝐿
𝐵𝑃𝐿

−1

(2)

The fraction of the photon emission reabsorbed by the active region is called the photon recycling
factor, which is denoted by 𝛾𝑟 in Eq. 2. For this study, 𝛾𝑟 was assumed as an independent factor of
laser injection levels. The excitation power-dependent PL measurements were used to obtain the
spontaneous emission QE [1,2] using Eq. 2.
4.3 Results and Discussions
Figure 4.1 shows the PL spectra for four different LED materials in temperature ranging
from 77 K to 800 K. The excitation source for blue and green LED materials was a continuouswave (CW) laser with an operational wavelength of 395 nm. For the red LED material, the
excitation source was CW laser operated at 532 nm. The laser power was varied with a wide range
of six orders of magnitudes (i.e., 1 × 10-4 mW- 2.5 × 102 mW). The PL signals emitted from all
samples are redshifted, resulting from the shrinking of the optical bandgap with elevating
temperatures. The magnitude of redshift is increased with temperature. PL emission intensity
increases with decreasing temperatures. The multiple peaks in the spectrum of samples A1, A2,
and B can be attributed to a Fabry-Perot cavity produced due to the interface between the AlN
buffer layers and sapphire substrates [20]. In Figure 4.2 (a,b,c), the high energy region of the PL
spectra, refereeing to the lower wavelength region, shows a change in intensity with respect to
temperature.
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c

b

d

Figure 4.2 Temperature-dependent PL spectra of the samples from 77 K to 800 K using excitation
power laser of 110 mW with an excitation wavelength of 395 nm for InGaN/GaN MQW samples
and 532 nm for AlGaInP sample. (a) Sample A1 is the blue LED for display. (b) Sample A2 is the
blue LED for lighting. (c) Sample B is the green LED for display, and (d) Sample C is the red LED
for display.
The lower energy region spectra tails, i.e., a higher wavelength region, merge, indicating
little temperature dependence. It was reported that the strong indium segregation in InGaN causes
less temperature-dependent (almost independent) behavior of the low-energy region [21,22]. The
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indium segregation contributes to the creation of indium-rich regions like quantum-dot. The lowenergy PL of the InGaN MQW samples is subjugated by the emission at localized states in the
indium-rich regions. Also, it is worth mentioning that the tail of the PL spectra on the high-energy
region became broader as the temperature was increased due to the increasing number of the
electron-hole pairs in the conduction and valance bands elevated temperatures.

Figure 4.3 Normalized integrated photoluminescence intensities of InGaN/GaN and
Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs are plotted as a function of temperatures using 110 mW
as an excitation power.

The normalized temperature-dependent integrated PL spectra of four samples are shown in
Figure 4.3. It was observed that the total integrated PL intensity is reduced by one order of
magnitude in temperature ranging from 77 K to 800 K. Elevating the temperature causes the
reduction of luminescence because of the dominance of the non-radiative recombination at high
temperatures. Since the injected electron-hole pairs have high thermal energy at higher
temperatures, their confinement in the quantum wells decreases. Eventually, they escape the
quantum wells and recombine non-radiatively, leading to the drop of the PL intensity.
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b

c

Figure 4.4. Excitation laser power is plotted against integrated PL of the samples from 10 K to 800
K to extract APL, BPL, and CPL coefficients, which are related to the (SRH), radiative, and Auger
recombination processes, respectively using Eq. 1. (a) Sample A1 is the blue LED for display. (b)
Sample A2 is the blue LED for lighting. (c) Sample C is the red LED for display.
Sample B was reported in the previous work, and it is used in this work compared to other
samples [1]. The integrated PL intensity for samples A1, A2, and C as a function of the excitation
laser power is plotted in Figure 4.4 (a,b,c), respectively. The experimental results are presented
by different dote symbols, whereas the fits to Eq. 1 are presented by the solid lines. The
recombination coefficients for the SRH, radiative, and Auger are represented by APL, BPL, and CPL,
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obtained from Figure 4.4 to find the spontaneous emission QE. The traditional ABC model
illustrates a good fit to the experimental data up to 800 K. As a result of the reduction of the
radiative lifetime; the curves will move to the near unity QE curve at 77 K. As the temperature
decreases, the experimental data will move to this curve due to an increasing BPL coefficient.
However, when the Auger recombination occurs as the dominant process (at high temperatures),
the experimental data eventually move far from this curve. With the same injection levels, a
notable reduction of the integrated PL intensity with elevating temperatures (particularly over 600
K) can be observed. As the temperature increases, the curvature of the curves declines, which
indicates a drop in spontaneous emission QE at higher temperatures. This behavior could be
attributed to the domination of the APL coefficient at higher temperatures.
The fit parameters were extracted (APL, BPL, and CPL) from Figure 4.4 and used to calculate
the spontaneous emission QE at different temperatures, as shown in Figure 4.5. The experimental
results are represented by different dote symbols, whereas the fits to Eq. 2 are represented by the
solid lines. The peak position of the spontaneous emission QE depends on the structure of the
sample. From the peak position of the spectra, one can get the LED output intensity when it works
with the highest efficiency for a particular temperature. The peak QE decreases as the temperature
increase. However, the integrated PL intensity, at which peak QE occurs, increases initially and
decreases after 500 K. Equation (1) is used to extract the laser pumping power from the integrated
PL intensity at which the maximum QE occurs. A detailed study on the trend of QE change with
respect to laser pumping power is explained in detail in the later part of the chapter. The curves in
temperatures ranging from 77 K to 200 K show that the calculated data points are distributed on
the entire curves. In this region, radiative recombination is the dominant process. The curves in a
range of temperatures from 300 K to 700 K show the calculated data are mainly at the left- hand
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and partially righthand side of the peak spontaneous emission QE, which indicates the nonradiative processes to become the dominant process.
At 800 K, the calculated data points for samples A1 and A2 do not reach the peak because
the spontaneous emission QE peak requires the injected laser power to be above 110 mW, which
is the upper limit of our current laser source. At this region, the calculated data points are located
on the left-hand side of the peak spontaneous emission QE as an indication of the dominant of the
CPL coefficient in this region. This behavior refers to the domination of the non-radiative
recombination process even at a low excitation laser power, when the temperatures are less than
300 K. At high temperatures (above 300 K), the domination of the non-radiative recombination
process along with the leakage of thermally activated carriers from the QWs, cause the
spontaneous emission QE to drop. From these results, it is concluded that the Auger and SRH
recombination rates are dependable on the temperature- and injection-level.
The temperature-dependent spontaneous emission QE peak is plotted in Figure 4.6. The
peak of the spontaneous emission QE is almost unity (i.e., 99%) at 77 K, and it declines when the
temperature is increased. Three regions can be observed from these results. Region 1 involves the
data at a different temperature ranging from 77 K to 400 K. The peak of the spontaneous emission
QE is over 80% for samples A1 and A2. In contrast, the spontaneous emission QE is over 90% for
sample B, which indicates the InGaN/GaN MQWs exhibits high thermal stability. Region 2
includes the data at a different temperature ranging from 400 K to 600 K. In this region, the peak
of the spontaneous emission QE is still over 60% for sample A1 and A2, while the QE peak for
sample B is 70%. Within the same region, sample C shows less spontaneous emission QE peak.
Region 1 contains the data at a different temperature ranging from 600 K to 800 K, where the peak
of the spontaneous emission QE is 40-45% for InGaN/GaN MQWs (i.e., blue and green LED
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materials) and 30% for Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs (i.e., red LED material). This
indicates that all these commercial LED materials for display and lighting applications have strong
potential for the future generation of optoelectronic devices, which can be operated reliably at high
temperatures over 500 K.

a

b

c

Figure 4.5. Spontaneous emission QE was extracted using the data fitting of Figure 4.5 and Eq. 2.
The spontaneous emission QE is plotted as a function of integrated PL intensity at different
temperatures. (a) Sample A1 is the blue LED for display. (b) Sample A2 is the blue LED for
lighting. (c) Sample C is the red LED for display.
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Figure 4.6. The peak of spontaneous emission QE, which was extracted from using Fig. 2.6, as a
function of temperatures, was plotted for blue LED for display (A1), blue LED for lighting (A2),
is green LED for display (B), and red LED for display (c) samples.
The temperature-dependent laser power in which the maximum spontaneous emission QE
of all commercial LED materials are obtained is plotted as a function of temperature in Figure 4.7.
The peak of spontaneous emission QE at temperatures below 600 K can be obtained with low
injection levels (i.e., less than 20 mW). With increasing the temperature above 600 K, it is required
to provide a comparatively high injection level to reach the maximum efficiency because of the
domination of the CPL coefficient at high temperatures. The laser excitation power must be above
200 mW for samples A1, A2, and B to reach the peak spontaneous emission QE at 800 K. Sample
C requires much higher injection levels at high temperatures than other samples.
4.4 Conclusion
In conclusion, commercially available epitaxial materials for display and lighting
applications (i.e., InGaN/GaN and Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs) with different
wavelengths were investigated up to 800 K using temperature- and power- PL measurements,
which were carried out to estimate the spontaneous emission QE for these materials. As the
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temperature was increased from 77 K to 800 K, the integrated PL intensity was declined by one
order of magnitude. The blue and green LED materials exhibit peaks QE of (40-44) % at 800 K
while the red LED material show peak QE of 30% at 800 K. The peak of the spontaneous emission
QE can be reached with less than 20 mW below 600 K for all four samples. These results prove
the excellent potential for the commercial LEDs for display and lighting to be employed in the
field of high-temperature optoelectronics since the samples show relatively high values of
spontaneous emission QE at elevated temperatures.

Figure 4.7 Excitation pump power for maximum quantum efficiency as a function of
temperatures was plotted for the blue LED for display (A1), blue LED for lighting (A2), is the
green LED for display (B), and the red LED for display (c) samples.
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Chapter 5

High-Temperature Spontaneous Emission Quantum Efficiency Analysis of

Different InGaN MQWs for Future Power Electronics Applications
This chapter is adapted from a published paper:
3)

A. Sabbar, S. Madhusoodhanan, B. Dong, J. Wang, H. Alan Mantooth, S.-Q. Yu

and Z. Chen, "High-Temperature Spontaneous Emission Quantum Efficiency Analysis of
Different InGaN MQWs for Future Power Electronics Applications," in the IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 8, no. 4, pp. 4186-4190, December 2020.
Abstract
The commercial light-emitting diode (LED) epitaxy materials-blue (i.e., InGaN/GaN
multiple quantum wells (MQWs) for lighting and display applications) and green

(i.e.,

InGaN/GaN MQWs )for display applications are evaluated with a varied range of temperatures
(10 K- 800 K) for future applications in high-density power electronic modules. Six different
InGaN/GaN MQW structures (peak wavelengths λp =

448, 467, and 515 nm) are studied and

compared to evaluate if they can satisfy the light output requirements in the optocouplers at high
temperatures. The spontaneous emission quantum efficiency (QE) of these LED epitaxy materials
are studied using temperature-dependent and power photoluminescence (PL) spectroscopy. The
LED materials, which have no pre-QWs, a higher number of QWs, and GaN buffer layer, show
the highest QEs at high temperatures. All six LED materials exhibit 65% QE at 500 K and stable
operation at 800 K without failure or flickering. At 800 K, the spontaneous emission QEs are
between 56% and 60% for blue and green LED for displays, respectively. This work evaluates the
high-temperature capability of various LED epitaxy materials for future applications in the hightemperature optocouplers as the galvanic isolations in high-density power modules.
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5.1 Introduction
The high-density power module is an emerging field aiming at the promotion of module
capability and applicability in high-temperature environments. Various applications such as
geothermal applications, gas turbines, vehicular engines, and space applications require power
electronics to sustain the high-temperature environment [1-4]. Moreover, there are also other
aerospace applications, heavy equipment, marine systems, and automotive, which are not
necessarily high-temperature ambient situations. Still, they are driven towards high-density power
electronics (i.e., low volume, lightweight, high efficiency) [5-10]. High-density power modules
are developed based on wide bandgaps (WBG) materials, such as silicon carbide (SiC) and gallium
nitride (GaN) to meet the growing demands in these applications for minimizing the weight and
volume with increasing the power density and the operating temperature of the power modules
[10-13]. High-density WBG power modules can operate above 473 K [14-16]. In the power
modules design, galvanic isolation is required to pass through the gate control signal, reject the
transient noise, and break the ground loops [17][18]. The optocoupler, which consists of LED and
photodetector, is commonly used as the solution of galvanic isolation at room temperatures. There
is a need to develop high-temperature optoelectronic devices (e.g., LED and detectors) to meet the
isolation requirements of the high-density power modules with a wide-ranging of operating
temperatures.
The current high-temperature SiC power modules use bulky gate transforms to provide
galvanic isolation between high voltage power devices and low voltage gate drivers [19][20]. The
scaling of the high-density power modules is limited by the volume and heaviness of these gate
transformers. Therefore, an integrated optocoupler with high-temperature capability is highly
desirable as a replacement of the gate transformers. The motivation of this work is to explore the
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high-temperature LEDs as the first step in the development of high-temperature optocoupler
through a systematic study on various commercial optoelectronic epitaxy materials. Limited
reports studied the high-temperature optoelectronic materials and devices in the past [21-30]. A
detailed survey of the previous reports of high-temperature optoelectronic materials and devices
has been included in our earlier work [31].
The typical operating temperatures of the semiconductor optoelectronic devices are varied
from room temperature (300 K) to moderately elevated temperatures (350 K- 373 K), mainly
determined by the functioning environment of the designated applications [32]. Our previous
works [33] demonstrated the feasibility of the improvement of high-temperature optoelectronic
devices. The spontaneous emission QE of four different types of LED materials up to 800 K for
the development of high-temperature optocouplers were investigated. The reported commercial
LED materials were InGaN MQWs-based blue and green LEDs for lighting and display
applications and AlGaInP MQWs-based red LED for display applications. Temperature-dependent
and power-dependent PL measurements were carried out to calculate and study the spontaneous
emission QE of these materials, starting from 10 K to 800 K. The peak QE of the green LED
material for display is over 80% at 500 K. At 800 K, the peak spontaneous emission QE is around
44%. The peak QEs of the blue and the red LED materials are over 60% at 500 K. At 800 K, the
peak spontaneous emission QE is around 40% and 30% for the blue and the red LED materials,
respectively.
In this chapter, two batches of commercial LED materials (six InGaN/GaN MQWs) are
compared to understand the QE at different temperatures with the change of various LED epitaxy
structures. Table 5.1 represents all the commercial LED materials, which were investigated in this
chapter. The first batch consists of samples A1, B1, C1, and the second batch comprised of samples
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A2, B2, and C2. The blue LED materials for lighting applications are labeled as A1 and A2. Their
peak wavelengths at room temperature are 448 nm and 453 nm, respectively. The blue samples for
display applications are annotated as B1 and B2 with a room temperature peak wavelength of 467
nm. Samples C1 and C2 are the green LEDs for display applications, and they have peak
wavelengths of 515 nm and 521 nm at room temperature.
All these commercial LED materials were systematically examined and compared to
evaluate if they could satisfy the optocouplers' light output requirements at high temperatures. This
chapter explored the best emitter candidate for these commercial display and lighting LED
materials for high-temperature applications. It serves as a foundation for the improvement of hightemperature optocouplers in future advanced high-density power electronics.
Table 5.1 Commercial LEDs samples with different peak wavelengths, which have been
studies characterized in this chapter.
Application
Blue LED
Green LED
Lighting
A1(448) & A2(453nm)
Display
B1& B2 (467nm)
C1(515nm) & C2(521nm)
5.2 Experiment
A. Overview of LED Structures
The structure information for each sample is illustrated in Figure 5.1. All the LED epitaxy
materials based on InGaN/GaN MQWs are fabricated on patterned sapphire substrates (PSS). A
two-step growth method was used to form a nucleation layer to reduce the mismatch between the
PPS and GaN layers and improve the growth quality [34-36]. The first step is to grow a thin buffer
layer of GaN or AlN at low temperatures between the PPS and the GaN epilayer. The second step
is to form the actual GaN epilayer, which is performed at high temperatures.
Due to the sapphire substrates' insulating properties, both n-type and p-type contacts for
GaN-based LEDs need to be located on the same side of the epilayer [37]. The n-type contact layer
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is typically thick to keep good crystal quality. Si has been typically used as the n-type dopant
element for III-nitrides due to its activation energy (i.e., 12-30 meV below the conduction band)
and easy incorporation [38-40]. For high-quality ohmic contacts on LEDs' anode, a high dopant
level is required to achieve low contact resistance. Another requirement is that the p-contact thin
layer must have high transmittance in the visible region for obtaining the maximum amount of
light to be coupled out [41]. Several elements have been used for p-type doping, such as Mg, Be,
and Zn. However, none of these elements provides a shallow acceptor, which is needed for efficient
hole activation [42][43]. Mg is the typical dopant for the p-contact for GaN-based LEDs because
it forms a quasi accepter when incorporated with Ga. It has very high doping levels
of 1020 cm-3 with an activation energy of 125 to 215 meV [44].
Adding a pre-layer, which is also named as pre-multiple quantum well (pre-MQW) layer,
underneath the QWs can improve LEDs' performance. The LEDs with the pre-MQW layer have
higher light output, better temperature stability, and enhanced homogeneity of the In composition
in the QWs [45-48]. Regardless of these improvements, the function of the pre-MQW layer is still
ambiguous. In addition to these improvements, this pre-MQW layer might also relieve the strain
in the InGaN QWs [49][50], provide an electron reservoir from which the carriers tunnel into the
QWs [45][51], or decrease the density of the non-radiative centers (i.e., defects) in the area near
to the active region [46, 52, 53].
The active region consists of multiple layers of InGaN/GaN QWs. In the InGaN/GaN
MQW LEDs, the GaN is the barrier, and InGaN is the QW layer. The InGaN/GaN LEDs based on
QW structures are commonly used in the applications of high brightness and high-efficiency
LEDs. Compared with the homojunction and heterojunction LEDs, QW-based LEDs are superior
in these applications because of two reasons [54]. Firstly, the QW has excellent capabilities to
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capture carriers and have secure confinement of electrons and holes. Secondly, high recombination
efficiency can be achieved by the small dimension of QW to increase the overlapping of the
electron and hole wave functions in the well. The MQWs further improve these two properties
because of an increase in the number of QWs. Therefore, the high internal quantum efficiency
(IQE) of LEDs is obtained. Typically, the quantum efficiency increases with the number of QWs
due to decreased threshold current density [55].
On the other hand, increasing the number of QWs leads to a reduction in the thermal
stability of InGaN. Eventually, the uniformity between the top and bottom QWs is reduced in the
InGaN/GaN MQWs. As a result, the gain spectrum is broadening due to decreased QW uniformity
[56]. Therefore, the optimization of the number of QWs is critical. Another critical factor is the
thickness of the QWs. The electron and hole wave functions are separated due to the polarization
effect in the GaN-based LEDs. The separation in the wave functions causes a reduction in radiative
recombination and, subsequently, a decrease in IQE when QW layers are not adequately designed.
Consequently, to decrease the amount of separation, InGaN/GaN MQW layers are reserved thin.
Generally, carriers tend to escape from active layers of LEDs [57]. The escape of carriers
can be significant in double heterostructures when the barrier's height is low at the activeconfinement interface. Moreover, high temperatures help carriers to escape the active region due
to high thermal energies. Typically, the leakage current of electrons is higher than the leakage
current of holes because electrons have a larger diffusion constant than the diffusion constant of
holes in III–V semiconductors. Therefore, there is a need to reduce this leakage current of the
electrons by introducing a carrier-blocking layer, which is also named an electron blocking layer
(EBL). The EBL is widely used in MQW LED structures to reduce the electron's escape from the
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active regions. The EBL is a region with high bandgap energy positioned at the confinement–
active interface [58].
B. Detail of LED Materials Used in This Chapter
Figures 5.1 (a), (b), and (c) represent the schematic diagrams of blue for lighting samples
(A1 & A2), blue for display (B1 & B2), and green for display samples (C1 and C2). The first step
was cleaning the sapphire substrates. Then a 20 nm thick AlN buffer was grown for samples A1,
A2, B1, B2, and C1, and GaN buffer for sample C2. Subsequently, a 2.5 µm thick undoped GaN
layer and a 2 µm Si-doped N-GaN layer for all samples. After that, another Si-doped N-GaN
deposited of a thickness of 0.5 µm for sample A2 and 0.4 µm for other samples. Samples A1, A2,
and B1 contain pre-MQW layers, consisting of six pairs of 1.5 nm undoped InGaN wells and 7 nm
Si-doped GaN barriers. Samples A2, B2, C1, and C2 have different well layer thicknesses, while
samples A1 and B1 contain the same well layer thickness. After that, low-temperature magnesium
(Mg) doped p-GaN was grown directly on the MQWs, followed by a P-AlGaN (sample A) and
AlGaN/GaN (other samples) as an electron blocking layer (EBL). Lastly, a high-temperature Mgdoped p-GaN layer was deposited on top of the EBL, followed by a 5 nm thick p-GaN contact
layer. The detailed information of the thickness layers is included in Figure 5.1.
A standard off-axis configuration was utilized to carry out the temperature-dependent and
power-dependent PL measurements. The excitation source was a continuous-wave laser emitting
at 395 nm wavelength with a focused spot size of around 60 µm. The samples were studied with a
broad range of temperatures (10 K-800 K) and laser powers (1x10-4 mW -110 mW). More
information about the experimental part can be found in previous work [31].
The calculations of the spontaneous emission QE of all samples were done based on the
ABC model. The ABC model is the simplest and most popular model for calculating the IQE of
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InGaN LEDs [59]. In this model, three recombination processes of the electron and hole in the
active region are considered. The recombination processes are known as nonradiative ShockleyRead-Hall recombination, radiative recombination, and non-radiative Auger recombination. The
detailed information about using the ABC model and spontaneous emission QE was discussed in
previous work [59-61].

Figure 5.1. (a) A schematic diagram of blue for light samples (A1 and A2). (b) a schematic diagram
of blue for display samples (B1 and B2. (c) a schematic diagram of green for display samples (C1
and C2).

112
The integrated PL intensity ( 𝐿𝑃𝐿 ) is related to the excitation pump power (𝑃𝑃𝐿 ) by Eq. (1)

𝑃𝑃𝐿 = 𝐴𝑃𝐿 (𝐿𝑃𝐿 )1/2 + 𝐵𝑃𝐿 𝐿𝑃𝐿 + 𝐶𝑃𝐿 (𝐿𝑃𝐿 )3/2

(1)

Where the 𝐴𝑃𝐿 , 𝐵𝑃𝐿 , and 𝐶𝑃𝐿 represent the recombination coefficients for the SRH, radiative, and
Auger recombination processes, respectively. These coefficients can be obtained by fitting Eq. (1)
to the excitation pump power against the integrated PL intensity. After the extraction of the best
fitting coefficients, the spontaneous emission quantum efficiency (𝜂) can be calculated using Eq.
(2).
The fraction of the spontaneously emitted photons that are re-absorbed in the active region is
known as the photon recycling factor, which is annotated as 𝛾𝑟 in Eq. (2), and it is assumed to be
independent of laser injection levels. The spontaneous emission QE is related to IQE by Eq. 3 [61].
Since we assumed γr is zero for this study, the spontaneous emission QE is the same as the internal
quantum efficiency.
𝐴𝑃𝐿 1 − 𝛾𝑟
𝐶𝑃𝐿
(1 − 𝛾𝑟 )√𝐿𝑃𝐿 )
𝜂 = (1 +
(
) +
𝐵𝑃𝐿 √𝐿𝑃𝐿
𝐵𝑃𝐿

𝜂𝑖 =

(1 − 𝛾𝑟 )𝜂
(1 − 𝛾𝑟 𝜂)

−1

(2)

(3)

5.3 Results
The typical temperature-dependent PL spectra are presented in Figure 5.2 (a), (b), and (c)
for samples A2, B2, and C2. For each sample, as the temperature increases from 77 K to 800 K,
the PL intensities of samples A2 and B2 are decreased by six times, and the PL intensity of sample
C2 is reduced by ten times. Also, increasing the temperature from 300 K to 800 K causes a decrease
in the PL intensity by 5, 4.5, and 5.5 times for samples A2, B2, and C2, respectively. The observed
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PL peak features a clear redshift at the high temperatures, which is expected because of the
bandgap decrease. The room temperature peak wavelengths are 453 nm, 467 nm, and 512 nm for
samples A2, B2, and C2, respectively. As the temperature increases from 77 K to 800 K, the peak
wavelengths are shifted by 11 nm, 9 nm, and 25 nm for samples A2, B2, and C2, respectively.
In Figure 5.2 (a), (b), and (c), the high energy side of the PL spectra, referring to the lower
wavelength region, shows a change in intensity with respect to the temperature. The smaller energy
side spectra tails, i.e., higher wavelength region, merge, indicating little dependence on the
temperature. It was reported that the strong indium segregation in InGaN causes temperatureindependent behavior at the low-energy side [62][63]. The indium segregation leads to the
formation of indium-rich regions like quantum dots. The low-energy PL of the InGaN MQW
samples is subjugated by the emissions at localized states in the indium-rich regions.
Also, it is worth mentioning that the tail of the PL spectra on the high-energy side became broader
when the temperature was increased. It is mainly due to the increase of the carrier populations in
the valance and conduction bands at high temperatures.
Insets of Figure 5.2 (a), (b), and (c) represent normalized integrated PL intensities of the
samples. The general trend of these samples is as the temperature increased from 77 K to 800, all
samples exhibit an order of magnitude dropping in the integrated PL intensities.
It was mentioned in the experimental part that high temperatures support carriers to leave
the active region (QWs) because the thermal energies of carriers increase at elevated temperatures.
Escaping carriers from the active region cause a reduction of the luminescence with the increase
of temperatures. From the inset of Figure 5.2 (a), samples A2 exhibits less reduction in the PL
intensity comparing with sample A1. Also, a small decrease in the PL intensity was observed in
sample B2 compared with sample B1. From the inset of Figure 5. 2 (c), samples C2 and C1 have
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almost the same trend from 77 K to 500 K. However, sample C2 shows less drop in the PL intensity
at higher temperatures (600 K-800 K).

(a)

(b)

(c)

Figure 5.2. (a), (b), and (c) Temperature-dependent PL spectra for samples A2, B2, and C2. Inserts
are integrated PL intensity as a function of the temperatures. Insets of Fig. 2(a), (b), and (c)
represent normalized integrated PL intensities for the blue for lighting, blue for display, and green
for display LED materials over the temperature.
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The integrated PL intensities for samples A2, B2, and C2 as a function of the laser pumping
power are plotted in Figure 5.3 (a), (b), and (c), respectively. The experimental results are
presented by different dote symbols, while the solid lines denote the fits to Eq. 1. The fit parameters
(APL, BPL, and CPL) are extracted from Fig. 3 and used to calculate the spontaneous emission QE
as a function of the temperature using Eq. 2. It worth mentioning the ABC model demonstrates a
good fit for the experimental data up to 800 K for all the commercial LED materials.
The insets of Figure 5.3 (a), (b), and (c) represent the spontaneous emission QE as a
function of integrated PL intensity at different temperatures for samples A2, B2, and C2,
respectively. The details of the spontaneous emission QE calculations were explained previously
[31, 33, 60-61]. The spontaneous emission QE curves show a dome-like shape, with the width
gradually decreasing at higher temperatures. At lower injection levels, referring to lower integrated
PL intensity, the curves are separated, but at high injection levels, referring to higher integrated
PL intensity, the curves tend to merge, especially for sample C2. The peak position of the
spontaneous emission QE depends on the structure of the sample. Thus, since samples A2 and B2
contain many similar layers in their structures, the curves and peak positions are alike. From the
peak position of the spectra in the material, one can estimate the LED device output intensity when
it is operated with the highest efficiency under a particular temperature.
The peak QE decreases when the temperature increases. Generally, higher injected levels
are required for maximum spontaneous emission as the temperature is increased. Equation (1) is
used to extract the laser pumping power from the integrated PL intensity at which the maximum
QE occurs. A detailed study on the trend of QE change to laser pumping power is explained in
detail in the latter part of the paper. For samples A2 and B2, the curves from 77 K to 500 K show
that the measured data points are distributed on the entire curves. In this region, radiative
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recombination is the dominant process. As the temperature is increased from 600 K to 800 K, the
curves show the measured data are moved partially from the right-hand to the left-hand side of the
peak spontaneous emission QE. Moving the data points toward the left-hand side of the peak
spontaneous emission QE indicates increasing the non-radiative process and decreasing the
radiative recombination process. For sample C2, the curves show that the measured data points are
distributed well on the entire curves up to 800 K.

(a)
(b)

(c)

Figure 5.3. (a), (b), and (c) The excitation laser power is plotted against integrated PL intensity for
samples A2, B2, and C2, respectively. Inserts: spontaneous emission QE is plotted as a function
of integrated PL intensity at different temperatures.
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Figure 5.4 shows the laser power of all commercial LED materials as a function of
temperature, at which the maximum spontaneous emission QE is obtained. Figure 5.4 (a) and (b)
shows, up to 300 K, the spontaneous emission QE peak can be reached with injected levels of
approximately one mW for samples A2 and B2 and five mW for samples A1 and B1. As the
temperature is increasing, relatively high injection levels are needed to reach peak efficiency due
to the domination of the Auger recombination at elevated temperatures. For instance, at 800 K,
reaching spontaneous emission QE peak with injection levels of around 60 mW for both samples
A2 and B2, and 215 mW for both samples A1 and B1. Figure 5.4 (c) illustrates the laser power in
which the maximum spontaneous emission QE is reached for samples C1 and C2. Overall, samples
C1 and C2 show the lowest required injection levels with less than one mW at 300 K. It is worth
mentioning that sample C2 requires the smallest injection among all other samples to reach the
peak of the spontaneous emission QE.
The temperature-dependent spontaneous emission QE peaks are shown as insets of Figure
5.4. The peak of the spontaneous emission QE is almost unity at 10 K (100%), and it decreases
when the temperature is increased as expected. It was observed from the insets of Figure 5.4 (a)
and (b) that the peak spontaneous emission QE of the samples A1, A2, B1, and B2 are
approximately the same in temperatures ranging from 10 K to 300 K with values of around 88 %
at 300 K. At the same range of temperatures, Figure 5.4 (c) shows that samples C1 and C2 have
almost identical peak values of spontaneous emission QE with values of around 92 %. This is a
good indication the InGaN/GaN MQWs exhibits high thermal stability at room temperature. At
500 K, the peak of spontaneous emission QE is around 79 % (for sample A2), 67 % for samples
(A1 and B1), and (81 - 84) % for other samples. This is the targeted operating temperature for the
high-temperature LEDs in the optocoupler. The higher peak QE indicates a higher current transfer
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ratio of optocoupler with the same amount of LED input current. At 800 K, reasonably high
spontaneous emission QE peaks are observed from samples B2 and C2 with 60 % and 56 %,
respectively. However, samples A1, A2, B1, and C1 show lower spontaneous emission QE peaks
about (40-47) % at 800 K. The evaluations at 800 K show the potentials of LED materials, which
can be operated at extreme temperatures. The extreme temperature operation provides the baseline
information of the LED long-term reliability [64-69].

(a)

(b)

(c)

Figure 5.4. (a), (b), and (c) Excitation pump power for maximum spontaneous emission QE for
samples A2, B2, and C2. Insets are the temperature-dependent peak of spontaneous emission QE.
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5.4 Discussions
The performance of LED devices depends on the device design and the quality of the LED
epitaxial materials. Estimating the IQE of the LED materials is a critical method to study the
quality and performance of those materials. It was reported and also found that the change of the
IQE depends on the number of QW [70], the pre-MQW [71][72], and the buffer layers in the LED
epitaxial structures [34-36].
The first layer which affects the IQE drop is the QW region. Several reports have
investigated the number and thickness of the QW and the quantum barrier (QB) and their effects
on the IQE [70][73]. It was reported that thicknesses of the QW and QB play an essential role in
the device performance of MQW LEDs [74][75]. Typically, the QWs are thin (< 5 nm) to stay
below the critical thickness and allow for higher indium compositions compared to thicker InGaN
layers. As the QWs increase, the density and averaged size of V-defects increases. It is commonly
believed that V-defects are created from various InGaN well layers to release the continuously
accumulated stress in the MQW structure. However, it was reported that LEDs with an averagely
larger size and higher density of V-defects would suffer a larger leakage current. Moreover,
electroluminescence characteristics of LEDs will also be declined since carriers are preferentially
captured to V-defects and associated threading dislocations resulting drop in the QE of the LEDs.
Therefore, it suggested having a QB of a thickness of less than 15 nm. When the number of QWs
is increased, the luminescence efficiency of the whole structure is improved. This increase of
luminescence is attributed to the V-defects in LED structures with a higher QW number. The Vdefects can preserve the electron-hole pairs in the QW region separated from the non-radiative
centers around threading dislocations [70]. In Figure 5.4 (a), samples A1 and A2 are different in
the number of QWs and the thickness of N-GaN: Si pre layer. Increasing the number of QWs and
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the thickness of N-GaN: Si-doped pre layer led to increasing the spontaneous emission QE for
sample A2 as compared with sample A1 [76].
The second layer, which affects the IQE drop, is the pre-MQW layer. There is a large
internal electric field generated across the QWs because of two effects. One effect is the
piezoelectric polarization because of the strain of the InGaN QWs to the GaN layer [54]. The other
impact is the discontinuities in spontaneous polarization at the GaN/InGaN interfaces [77]. This
powerful electric field affects the spatial separation of electron and hole wavefunctions, causing a
dropping in the radiative recombination rate and a related Quantum-confined Stark Effect (QCSE)
and eventually creating a drop in IQE [78]. The reduction in IQE can be improved by decreasing
the non-radiative recombination rate or increasing the radiative recombination rate. Increasing the
radiative recombination rate can be achieved by reducing the piezoelectric strain of the InGaN
layers. As a result, the strength of the internal electric field and the QCSE will be reduced. It was
reported that this could be obtained by growing a nucleation layer of InGaN before the first
quantum well. This layer is usually named a pre-layer or pre-MQW layer. Several methods could
introduce the pre-layers, such as intentionally growing 20-30 nm of n-type doped (In)GaN [72],
InGaN/GaN superlattice [79], and a few numbers of InGaN/GaN MQWs. In Figure 5.4 (b), the
main difference between samples B1 and B2 is that sample B2 has no pre-QW layer. A few studies
showed that the pre-MQW layer helped increase the IQE in temperature ranging from low
temperature to room temperature [46, 51, 53, 72]. However, this pre-MQW layer may decrease the
spontaneous emission QE in the temperature range from room temperature and above (i.e., from
300 K to 800 K), as shown in the inset of Figure 5.4 (b). It was reported in previous work that
inserting a pre-MQW layer reduced the spontaneous emission QE peak at high temperatures [33].
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The third layer, which plays an essential role in the IQE of LED materials, is the buffer
layer. Lighting emitting diodes based on GaN materials are typically grown on the (0001) c-plane
sapphire substrates as the lack of natural GaN substrates. There is a large mismatch in the lattice
constant and coefficient of thermal expansion (CTE) between the sapphire and the GaN, causing
a large number of dislocations and low crystal quality. The low quality of GaN layers leads to
reduced efficiency due to the increase of non-radiative recombination centers. As a result, there is
a need to reduce the lattice constant and mismatch in CTE by introducing a seed layer, which is
typically AlN or GaN film. The buffer layer acts as a nucleation layer that provides a steady surface
condition to grow the subsequent GaN layer. In Figure 5.4 (c), samples C1 and C2 are different in
the buffer layer and the number of QWs. Hu et al. show that the green LED with a GaN buffer
layer has higher IQE than the green LED with AlN a buffer layer [80]. The thickness for both
AlN and GaN buffer layers is 19 nm. The thickness of buffer layers in samples C1 and C2 is 20nm.
The higher IQE from the sample used the GaN buffer layer can be attributed to the larger
piezoelectric polarization field in QWs [80]. As a result, since C2 has a higher number of QWs
and a GaN buffer layer, C2 showed higher IQE than C1
The highest spontaneous QE at high temperatures is obtained for the samples without the preMQW layers and many QWs (i.e., A2, B2, C1, and C2). Further research at high temperatures is
needed to investigate the number of QWs, the pre-MQW, the buffer layer, and their effects on the
IQE of LED materials.
5.5 Conclusion
In conclusion, temperature-dependent QEs of commercial InGaN/GaN MQW LEDs
materials with different QW structures are studied at temperatures varied from 10 K to 800 K. The
spontaneous emission QEs of all LED materials were calculated using the ABC model. The
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structural difference across the LED samples has a pronounced effect on the QE drop at higher
temperatures. It was observed that the highest spontaneous emission QE values at elevated
temperatures were obtained from the samples, which have the GaN buffer layers, high QW
numbers, and are without pre-MQW layers. Green for display exhibits the highest QE in the
temperature range 100–800 K, followed by blue for display and blue for lighting. The highest
peaks of the spontaneous emission QE are obtained from samples B2 and C2 with values of around
83% and 60 % at 500 and 800 %. Also, B2 and C2 samples require lower injection levels compared
to other examples. Additionally, it is worth mentioning that the integrated PL intensity was reduced
by one order of magnitude at 800 K as compared to 10 K. These results prove the excellent
potential for the commercial LEDs for display and lighting to be employed in the field of hightemperature optoelectronics since the samples show relatively high values of QE. This study also
reveals the relationship between the LED epitaxial structure and the QE of LED at elevated
temperatures up to 800 K.
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Chapter 6 Wavelength Matching of Blue, Green, and Red LEDs for High-Temperature
Optocouplers
This chapter is adapted from a submitted paper:
A. Sabbar, S. Madhusoodhanan, H. Tran, B. Dong, J. Wang, A. Mantooth, S.-Q. Yu*, and
Z. Chen*, Wavelength Matching of Blue, Green, and Red LEDs for High-Temperature
Optocouplers, to be submitted
Abstract
The InGaN-based (blue and green colors) and AlGaInP (red color)-based multiple quantum
well (MQW) lighting emitting diodes (LEDs) are studied in a wide range of temperatures for their
emissions and spectral responses. The study confirms that LEDs can function as light sources and
detectors (photodetectors (PDs)). The results prove the possibility of integration of LED-PD to
fabricate high temperature (HT) optocouplers. The HT optocouplers can be employed as galvanic
isolation instead of the massive transforms in the high-density power modules. The LEDs exhibit
emission and spectral response up to 800 K. Higher relative external quantum efficiency (EQE)
and lower efficiency droops with temperatures are obtained from blue and green for display LEDs.
However, blue for lighting and red for display PDs show superior responsivity, specific
detectivity(D*), and EQE. The measured responsivity varied from 0.031 to 0.25 A/W, and the
calculated Figure of merit of PD, D*, changes from 7.04x108 to 4.07x1010 cmHz1/2W-1 depending
on the operating temperature and type of the diode. The achieved results suggested that some of
the LEDs may be used as emitters and photodetectors in the optocouplers. Note that high
overlapping occurs between the red-red samples.
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6.1 Introduction
High- density power modules (HDPMs) are the core of power electronic applications.
Power electronic components are needed in numerous applications such as geothermal
applications, gas turbines, vehicular engines, and space applications to maintain the hightemperature (HT) environments [1-4]. Furthermore, there are also other aerospace applications,
heavy equipment, marine systems, and automotive, which are not necessarily HT ambient
situations. Still, they are motivated for high-density power electronics (i.e., low volume,
lightweight, high efficiency) [5-10]. Therefore, there is a high demand to develop HDPMs in terms
of size, weight, power density, and operating temperature. Wide bandgap (WBG) materials such
as SiC and GaN are employed in HDPMs to overcome the temperature, frequency, and power
density limitations of conventional Si-based power modules [10-13]. The current silicon carbide
(SiC) power module can operate up to 525 K [14-16].
In the design of power modules, galvanic isolation is required to pass through the gate
control signal, reject the transient noise, and break the ground loops [17-18]. The current HT SiC
power modules utilize large gate transforms to deliver galvanic isolation between high voltage
power devices and low voltage gate drivers. The scaling of HDPMs is limited by the volume and
heaviness of these gate transformers. Therefore, an integrated optocoupler (i.e., lighting emitting
diode (LED) and photodetector (PD)) with high-temperature operation is highly desirable as an
alternative to the gate transformers. The integration of the HT optocouplers could lead to ultrahighdensity 3-D power modules capable of reaching disruptive performance in thermal management,
power density, power efficiency, reliability, and operating environment. Therefore, optocouplers
(LEDs and PDs) that can consistently function at 525 K with at least a 10-year lifetime are
extremely attractive for next-generation high-density power electronics applications.
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The development of HT optocouplers comprises a systematic approach to develop LED
materials emitters, detectors, packaging, and dielectric materials. We previously reported several
studies on materials and devices. From the material level, three papers on the LED material study
were published. In the first paper, we were the first to report a systematic study of the spontaneous
emission quantum efficiency (QE) of green LED materials up to 800 K [19]. Also, an extensive
survey about HT optoelectronic materials and devices, which covers the last thirty years, for
different applications, such as aerospace, automotive, engine monitoring, military applications,
has been accomplished. Later, various commercial LED materials for lighting and display
applications

have

been

characterized

using

temperature-dependent

power-dependent

photoluminescence (PL) measurements [20]. The study covered blue, green, and LED materials.
After that, a few developments in the LED structure layer were made for HT applications [21].
The recently published paper shows the impact of changing the structure layers on the
spontaneous emission QE of blue for lighting and display applications and green for display
applications. The material level concludes that the LED materials, which have no pre-QWs, a
higher number of QWs, and GaN buffer layer, show the highest QEs at HT. From the device level,
also three papers on the emitters and detectors. The first systemic study on internal quantum
efficiency (IQE) at HT level [22]. The study was conducted on commercial blue vertically
structured bare die blue LEDs manufactured by Cree Inc. Bare-die devices. However, Cree Inc.
keeps the LED structures confidentially. Therefore, another study on different Bare-die devices
provided by SemiTek was done [23]. HT optical analysis of blue, green, and red LED is performed
for possible integration as an optocoupler emitter HDPMs. The reported studies show that GaNbased multiple quantum well (MQW) LEDs exhibit stable operation at HT. These promising
results lead to the study of different detectors suitable for HT operation. The initial study includes
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the HT spectral characterization of various commercially available detectors [24]. Temperaturedependent spectral response of bare die Si, SiC, and InGaN based photodetectors (PDs) was
reported.
In this chapter, we report on the wavelength matching between the LED and PD for the
aim of fabrications HT optocouplers. The study will be conducted on devices with blue, green, and
red colors. Wavelength matching between the LED and PD is highly desired in the design of WBGbased optocouplers. Ultraviolet (UV) and visible (VIS) LEDs are promising candidates for HT
applications. Although UV-LEDs commercially available, they are not suitable for integrating
them in the proposed HT optocouplers due to the high cost, availability, and relatively low intensity
at HT. Therefore, the current VIS-LEDs (i.e., 380-740 nm) can be used as an alternative to the
UV-LEDs. On the PDs side, even though the SiC PDs can operate at HT environments, they are
not suitable for integration with the visible LEDs due to their operation within the UV ranges.
Therefore, the best match to assemble the proposed optocoupler by selecting both LEDs and PDs
operate within the visible spectrum. Since the LED can function either as a light source in
forwarding bias or as a PD in photovoltaic mode (unbiased) or reverse biased conditions, different
LEDs with blue, green, and red colors will be as LEDs and PDs. In addition to the wavelength
matching between LEDs and PDs, I-V, efficiency drops analysis, temperature-dependent
electroluminescence (EL), the temperature-dependent spectral response (ℜ) the signal to noise
ratio, specific detectivity (D*) of blue, green, and red LEDs are studied as well.
6.2 Experiment
6.2.1 LED Structures
Figure 6.1 shows the detail of the InGaN/GaN and Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQW
LED structures. Figure 6.1 (a) shows the InGaN/GaN MQW LED structures for blue for lighting,
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blue for display, and green for display, labeled as samples A, B, and C, respectively. The room
temperature peak wavelengths for samples A, B, and C are 454, 472, and 523 nm, respectively.
Figure 6.1 (b) illustrates the Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQW LED structure for red for
display (samples D) with room temperature peak wavelength of 630 nm. The detailed device
structure is discussed earlier [20-21, 23-24]. The chip sizes are 800x1345 for blue lighting,
191x270 for blue and green for display, and 300x300 µm2 for red for display applications. The
optical and electrical studies were conducted with a varied range of temperatures 77-800 K using
a Janis ST-100 cryostat. The cryostat was tuned and calibrated at each temperature to prevent any
possible measurement inaccuracy due to the thermal shift of the sample holder in the cryostat. The
details of the LEDs and photodiodes measurements and studied are explained in the following
sections and previous work [22-24].
6.2.2 High-Temperature LED Characterizations
A high-temperature characterization setup is successfully built in the University of
Arkansas facility. Figure 6.2 shows the schematic diagram of the EL measurement system. The
electroluminescence (EL) measurement system has the following capabilities:
•

Temperature-dependent EL measurement range: 10 to 800 K

•

0.012% basic measure accuracy with 6½-digit resolution Enhanced sensitivity with new 20mV
and 10nA source/measure ranges

•

Source current range: 10 nA - 1A
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Figure 6.1. (a) a schematic diagram of the InGaN/GaN MQW LED epitaxial structure: (A) blue
for lighting, (B) blue for display, and (C) green for display. (b) a schematic diagram of
Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQW LED epitaxial structure: (D) red for display.

Figure 6.2 Schematic drawing of the high-temperature EL system.
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A Horiba 550 spectrometer integrated with a photomultiplier tube (PMT) was used to
collect the EL spectra. The EL measurements were conducted at current densities ranging from
0.001 to 3.33 A/cm2 and at different temperatures ranging from 77 to 800 K. The external quantum
efficiency (EQE), 𝜂𝐸𝑄𝐸, of the LED, is defined using the relationship:
𝜂𝐸𝑄𝐸 =

𝑞𝑃𝑜𝑢𝑡
𝐼ℏꞷ

(1)

where q is the electron charge, 𝑃𝑜𝑢𝑡 is the light output power from the LED, and I is the current,
and 𝜔 is the photon energy. However, 𝑃𝑜𝑢𝑡 is proportional to the integrated EL intensity (𝐿𝐸𝐿 ) by
the following relation:
where q is the electron charge, 𝑃𝑜𝑢𝑡 is the light output power from the LED, I is the current, and
ℏ𝜔 is the photon energy. However, 𝑃𝑜𝑢𝑡 is proportional to the integrated EL intensity ( 𝐿𝐸𝐿 ) by
the following relation:
𝐿𝐸𝐿 = 𝐶𝑏 𝐿𝐸𝐿 𝜂𝑒𝑥𝑡 𝐵𝑛2 ∝ 𝑃𝑜𝑢𝑡

(2)

where 𝐶𝑏 is a constant of proportionality determined by sample and measurement geometry, 𝜂𝑒𝑥𝑡
is the light extraction of the efficiency of the LEDs. As a result, the relative 𝜂𝐸𝑄𝐸 for these LEDs
can be calculated using the following

𝜂𝐸𝑄𝐸 ∝

𝑞𝐿𝐸𝐿
𝐼ℏꞷ

(3)

6.2.3 High-Temperature PD Characterizations
Figure 6.3 shows the schematic of the high-temperature spectral response set up for
detectors. A tunable monochromator with a 250 W, 24 V tungsten-halogen lambs, were used to
collect the spectral responses of the photodetectors. A calibrated Si detector was used to calculate
the incident power on the photodetectors from the monochromator. The photocurrents were
measured using a lock-in amplifier based on which the responsivity, ℜ, is obtained. The dark

137
current-voltage (I-V) characteristics were measured using a Keithley 236 source measurement unit
(SMU) was used at different temperatures ranging from 77 to 800 K.
The Figure of merit of PDs, specific detectivity, D* can be calculated using Eq. 4:
𝐷∗ =

√𝐴Δ𝑓
ℜ
𝑖𝑟𝑚𝑠

(4)

where 𝐴 is the active detecting area of the device in a square centimeter, Δ𝑓 is the equivalent noise
bandwidth, ℜ is the spectral responsivity, and 𝑖𝑟𝑚𝑠 is the root mean square of noise currents in the
detector system. In this study, Δ𝑓 is taken as 1 Hz. The 𝑖𝑟𝑚𝑠 , which involves Johnson or thermal
noise, shot noise, generation-recombination noise, and 1/f noise, is calculated as follow:
2
2
2
2
𝑖𝑟𝑚𝑠 = √𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙
+ 𝑖𝑠ℎ𝑜𝑡
+ 𝑖𝐺−𝑅
+ 𝑖1/𝑓

(5)

The generation-recombination noise is created as a result of the random generation, and the
recombination of free carriers is produced by crystal vibrations and is considered to be zero in this
study as this appears mainly in photoconductors and is reduced by diffusion in an ideal photodiode.
Besides, when the detector works under high frequency, the flicker noise (𝑖1/𝑓 ) can be eliminated.
Therefore, Eq. 5 can be written as the following:

2
2
𝑖𝑟𝑚𝑠 = √𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙
+ 𝑖𝑠ℎ𝑜𝑡

(6)

The thermal and shot noise is calculated using the following equations:

4𝑘𝑇Δ𝑓
𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = √
𝑅0

(7)
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𝑖𝑠ℎ𝑜𝑡 = √2𝑞𝐼Δ𝑓

(8)

where 𝑘 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝑅0 is the resistance of the device,
𝑞 is the charge of an electron, and 𝐼 is the average current flow in the device under illumination,
which contains both dark current and photocurrent. The noise bandwidth was set by configuring
the time constant and slope/oct of the lock-in amplifier to 100 ms and 18 dB/oct, respectively. The
minimum impinging optical power that a detector can distinguish from noise, i.e., the noise
equivalent power (NEP) can be calculated using the following equation:

𝑁𝐸𝑃 =

𝑖𝑟𝑚𝑠
ℜ

(9)

Thus, Eq. 4 can be rewritten as follows:

𝐷∗ =

√𝐴Δ𝑓
𝑁𝐸𝑃

(10)

Figure 6.3 Schematic drawing of the high-temperature spectral response system.
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6.3 Results
The LEDs are labeled as A1, B1, C1, and D1, while the PDs are annotated as A2, B2, C2,
and D2 to distinguish between the LEDs and PDs. Figure 6.4 (a), (b), (c), and (d) shows the
temperature-dependent EL spectra of the LEDs in temperature ranging from 77 to 800 K and at an
injection current of 0.3 mA. The insets of the Figure show the EL spectra of the LEDs at 700 and
800 K. A dropping in the EL intensity is observed with increasing the temperature. Moreover, the
tail of the EL spectra on the high-energy (i.e., lower wavelength) region became broader as the
temperature is increased due to the increasing number of the electron-hole pairs in the conduction
and valance bands at elevated temperatures. In Figure 6.4 (a), (b), and (c), the spectra involve a
main band-to-band transition peak and two phonon replicas peaks. The phonon replicas are more
pronounced in sample A1 at low temperatures. The phonon replicas peaks merged to band-to-band
transitions at elevated temperatures. The phonon replicas are not noticeable in samples B1 and C1
attributable to the relatively low nominal indium (In) composition. A higher nominal In
composition enhances the momentum transfer from the defects, which is indeed created by the
major In aggregation and phase separation, in meeting momentum conservation condition in the
phonon-replica transition. Although the EL spectra decrease significantly at elevated temperatures,
a clear EL signal is observed up to 800 K, as it is shown in the insets of Figure 6.4. Figure 6.4 (e)
shows the changes in the peak wavelength as a function of the temperature. An S-shaped is
observed in the peak wavelength of the EL spectra over the temperature. This S-shape behavior is
usually attributed to the carrier localization. The carrier localization is also causing the blueshifts
in the InGaN/GaN MQW LEDs at low temperatures. Above 300 K, the samples A1, B1, and C1
show

redshifts.

On

the

other

hand,

only

a

redshift

is

observed

in

the

Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQW LED. As the temperature is increased from 77 to 800 K,
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the peak wavelength changes by 19, 15, 13, and 85 nm for samples A1, B1, C1, and D1,
respectively.

a

b

c

d

e

Figure 6.4. (a), (b),(c), and (d) Temperature dependence EL spectra of the blue for lighting (A1),
blue for display (B1), green for display (C1), and red for display (D1), respectively, at an injection
current of 0.3 mA; Insets: The EL of the four LEDs at 700 and 800 K. (e) shows the evolution of
the EL peak position of the four LEDs in temperatures ranging from 77 to 800 K.
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Figure 6.5 (a), (b), (c), and (d) show temperature-dependent EQE normalized by the peak
EQE at 77 K with the current density plotted on a logarithmic scale. The shapes of the relative
EQE curves of blue and red LED samples look very different from the changes in current density
and temperature. Blue and green for displays (B1 and C1) show relatively higher EQE than blue
for lighting and red for display (A1 and D1) at high-temperatures. Furthermore, red for the display
shows the lowest EQE.
The efficiency droop in the LEDs can be calculated using Figure 6.5. The currentdependent efficiency droop, the so-called "J-droop," and the temperature-dependent efficiency
droop, often referred to as the "T-droop." Both the J-droop and T-droop are essential factors
determining the performance of LEDs, so there is a need to investigate and compare the InGaNbased blue for lighting and display and green for display LEDs and the AlGaInP based red LED.
The J-droop and the T-droop can be calculated as following [25]:
𝐽 − 𝑑𝑟𝑜𝑜𝑝 =

𝑃𝑒𝑎𝑘 𝐸𝑄𝐸 − 𝐸𝑄𝐸 𝑎𝑡 max. 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑃𝑒𝑎𝑘 𝐸𝑄𝐸

𝑇 − 𝑑𝑟𝑜𝑜𝑝 =

𝑃𝑒𝑎𝑘 𝐸𝑄𝐸 𝑎𝑡 77 𝐾 − 𝑝𝑒𝑎𝑘 𝐸𝑄𝐸 𝑎𝑡 𝑇
𝑃𝑒𝑎𝑘 𝐸𝑄𝐸 𝑎𝑡 77 𝐾

(11)

(12)

The J-droop and the T-droop for samples A1, B1, C1, and D1 are calculated using Eq. (11)
and (12) and plotted in Figure 6.6 as a function of temperature. The J-droops of the samples A1,
B1, C1, and D1 are 0.03, 0.08, 0.09, and 0.02 at 77 K. They all decrease to zero at 800 K, indicating
that current density is not enough to play a significant role in the efficiency drop of the LEDs. The
maximum current density was used 0.27 for blue for lighting, 0.67 for blue and green for display,
and 3.3 Acm-2 for red for display LEDs. Typically, the J-droop is more pronounced at high current
density, which was avoided in these measurements to prevent damaging of the LEDs at high
temperatures by applying high current, which was noticed in the previous study. On the other

142
hand, the T-droop shows an opposite behavior to the J-droop. All samples are not shown an
efficiency droop due to temperature at 77 K. However, as the temperature is increased, the
efficiency drop due to the temperature becomes pronounced. The T-drop of the samples A1, B1,
C1, and D1 is 0.99, 0.81, 0.90, and 0.99 at 800 K, which implies the T-droop plays a significant
role in the efficiency drop of the LEDs at high temperatures. Moreover, the influence of the Tdroop is more remarkable on the blue for lighting and red for display LEDs.

a

c

b

d

Figure 6.5. Temperature dependence relative EQE versus current density of the samples (A1),
(B1), (C1), and (D1)
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Figure 6.6. Temperature dependence J-droop and T-droop for samples (A1), (B1), (C1), and
(D1).
To determine the potential of the LEDs as photodiodes in the optocouplers, the electrical
and optical properties of the LEDs are needed to be studied. Figure 6.7 (a) shows the temperature
dependence dark I-V characteristics of sample A1. The dynamic resistances were eliminated from
the dark I-V features for the accurate calculation of noise levels. Even though the measurements
were conducted under a nonilluminated condition, there is an influence of background lowillumination producing relatively small but finite zero-bias minority carrier current. Hence, the
dynamic resistance elimination was conducted based on the curve fitting process. Figure 6.7 (b)
and (c) shows the temperature dependence leakage current density of the samples A1, B1, C1, and
D1 at -0.5 and -9 V bias voltages (except for the D1, which is at -7 bias). The trend in both Figures
is very similar. Sample A1 exhibits the lowest leakage current density, while sample D1
demonstrates the highest current density as the temperature is increased from 77 to 800 K. The
leakage current is a function of both temperature and applied bias, implying a combination of
tunneling and thermally generated currents. The leakage current density of InGaN/GaN and
Al0.05Ga0.45In0.5P/Al0.4Ga0.1In0.5P MQWs increase by five and four orders of magnitude as the
temperature increases from 77-800 K. It is also observed that a rapid rise (two orders of
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magnitudes) in the leakage current of the InGaN/GaN MQWs samples when the temperature is
increased from 100 K to 200 K. This rapid increase in the leakage current can be assigned to
thermal ionization of carriers from deep traps and trap assisted tunneling process.

a

b

c

d

Figure 6.7. (a) Temperature dependence I-V characteristics of the sample A1. (b) and (c)
Comparing the temperature dependence of the samples A1, B1, C1, and D1 at -0.5 and -9 V bias
voltages (except sample D1 at -7 V). (d) Temperature dependence thermal noise of the samples.
The temperature dependence thermal noises of the samples are plotted in Figure 7.6 (d).
Green for display exhibits the lowest thermal noise, while blue for lighting shows the highest
thermal noise. The thermal noise of the green for display samples increases by four orders of
magnitudes as the other samples increases by three orders of magnitudes with temperature is
increasing 77 to 800 K.
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The spectral response for all LEDs was measured from 77 to 800 K at different biased conditions.
Figure 6.8 (a) and (b) show the temperature-dependent responsivity for blue for lighting (A2) and
red for display (D2) LEDs at zero bias.
Sample A2 shows a redshift in the spectral response with temperatures. The peak
responsivity changes from 383 to 428 nm when the temperature increases from 77 to 800 K.
However, the peak responsivity wavelength does not change with different bias conditions. The
peak response wavelength is 405 nm at room temperature (300 K) and zeroes bias. The peak
responsivity (at 405 nm) increases from 0.029 to 0.097 A/W by elevating the temperature from 77
to 600 K and decreases to 0.056 at 800 K. The inset of Figure 6.8 (a) shows the temperaturedependent peak responsivity for different bias (0, -2, -4, and -6 V). The peak responsivity overall
is shown increasing slightly with bias conditions. The highest responsivity from this sample is
0.117 A/W, which occurs at 418 nm and 600 K. This sample exhibits a peak EQE in the range of
(9-30) % in the temperature range 77-800 K.
Sample D also exhibits the redshift in the spectral response with temperatures. The peak
responsivity changes from 598 to 667 nm when the temperature increases from 77 to 700 K and
then changes to 642 nm at 800. Once again, the peak responsivity wavelength is not evolving with
different bias conditions that much. The peak response wavelength is 620 nm at room temperature
and zeroes bias. The peak responsivity (at 620 nm) increases from 0.003 to 0.235 A/W by raising
the temperature from 77 to 400 K and droops to 0.189 A/W at 800 K. The inset of Figure 6.8 (a)
shows the temperature-dependent peak responsivity for different bias (0, -2, -4, and -6 V). The
sample indicates almost insensitivity to the bias conditions. The peak EQE of the sample is in the
range of (37-47) % in the temperature range 77-800 K.
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Figure 6.8 (c) the responsivity for all samples is plotted together at 77, 300, 500, 800 K for
comparison. The reason for selecting these temperatures as follows: 77 as the lowest temperature,
300 as most applications, 500 for our target optocouplers, and 800 K as the highest characterization
temperature. Overall, samples A2 and D2 exhibit higher responsivity than samples B2 and C2.
Sample B2 exhibits a shifting in the peak responsivity from 402 to nm 418 nm by increasing the
temperature 77 to 400 K and then shifting to 394 at 600 K. The room temperature peak
responsivity, which is the highest value obtained from this sample, is 0.037 at 418 nm.
Furthermore, the peak EQE of the sample is in the range of (8-24) % in the temperature range 77
-800 K. The peak responsivity of Sample C2 shifts from 430 to 450 nm by increasing the
temperature from 77 to 700 K and then shifts to 443 nm at 800 K. The room temperature peak
responsivity is 0.02 A/W at 443 nm at zero bias. Moreover, the peak responsivity (at 443 nm)
increases from 0.016 to 0.026 A/W by elevating the temperature from 77 to 400 K and then
decreases to 0.017 A/W by raising the temperature to 800 K. The peak EQE of the sample is in the
range of (5-8) % in the temperature range 77-800 K.
Figure 6.9 (a) and (b), (c) show the specific detectivity of blue for lighting (A2), red for
display (D2), and all LEDs together using the 1Hz equivalent noise bandwidth at zero bias
conditions. The peak detectivity for the sample A2 decreases from 4 x1010 to 8 x 109 cmHz1/2W-1
by elevating the temperature from 77 to 800 K. Sample D2 shows increasing the peak detectivity
from 2.04 x 1010 to 5.21 x 109 cmHz1/2W-1 by raising the temperature from 77 to 400 K. Then,
increasing the temperature above 400 K leads to a decrease in peak detectivity. The peak
detectivity is 7.66 x 109 cmHz1/2W-1 at 800 K. In Fig. 4.9 (c), specific detectivity for all samples
is plotted together at 77, 300, 500, 800 K for comparison. Overall, samples B2 and C2 show a
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lower signal to noise ratio compared with samples A2 and D2. Furthermore, the peak detectivity
of samples B2 and C2 are very close.
The inset of Figure 6.9 (a) (b) show the detectivity of sample A2 and D2 with a different
bias. Both samples show high peak detectivity values at zero bias conditions. Moreover, the same
behavior is observed for all LEDs. Table 6.1 Lists the maximum values of responsivity and
detectivity for various LED at 300, 500, and 800 K.

a

b
c

Figure 6.8. (a), (b), and (c) Temperature dependence responsivity at zero bias conditions of the
blue for lighting, red for display, and all LEDs plotted together, respectively.
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a

b

c

Figure 6.9. (a), (b), and (c) Temperature-dependent detectivity at zero bias conditions for the blue
for lighting, red for display, and all LEDs plotted together, respectively.
The normalized emissions and spectral responses of the LEDs at 77, 300, 500, and 700 K
are plotted together in Figure 6.9 to determine the best match of the LEDs and PDs for the
optocouplers. It can be observed that the spectral response of the LED shifts towards shorter
wavelengths (higher energy photons) as compared with its emission spectra as the LED cannot
detect photons of lower energy than its bandgap. Table 6.2 shows the peak emission and spectral
response wavelengths of the LEDs at 77, 300, 500, and 77 K. Overall, the perfect overlap is by
employing samples A-A.
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The second option is by integrating samples A-C. Moreover, there is a possibility for coupling is
by using B-C. Figure 6.10 (a) and (b) shows the potential for coupling at 77 and 300 K when C
and D are integrated. Figure 6.10 (c) shows the best candidates for the LEDs and PDs to fabricate
HT optocouplers (i.e., operating at 500 K). Typically, the selection is based on the following
parameters: (i) the wavelength;(ii) maximize the signal to noise ratio (D*); (iii) the forward current
of the LEDs low as possible ; (iv) long-term reliability of the LEDs (degradation of LEDs due to
operating time is acceptable).
6.4 Discussions
Based on the results from the bandwidth and responsivity of LEDs, it is observed that not
all LEDs can serve as PDs. Commonly, the most extended emitted wavelength corresponding to
approximately the highest responsivity of the LEDs. This behavior is well agreed with our results
with one exception, which is blue for lighting (A1). A previous study on AlGaN MQW PDs shows
that the responsivity of PDs increases by increasing the number of wells and thickness of wells
along with decreasing the width of the barriers. First, as increasing the number of wells, the
effective absorption and efficiency increase, consequently increasing the responsivity. Second,
when the thickness of wells increases, the transition energy between the electron and hole
decreases resulting in increasing the responsivity. Third, the number of electron-hole pairs that
contribute to photocurrent increases by reducing the thickness of the barriers. As the width of the
barriers reduces, tunneling through the barriers increases, leading to increase responsivity. The
structures of the LEDs are shown in Figure 6.3 (a). The main difference between samples A, B,
and C is the pre-quantum layer. The pre-quantum well layer adds more thickness to the active
region. Sample A and C have the same number of wells, but they are different in the widths of
well and barriers as well as the pre-quantum well layer. The total thicknesses of the barriers are 44
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and 30 nm for samples A and C, so the difference is 14 nm. On the other hand, the overall widths
of the wells are 167 and 140 nm for samples A and C, so the difference is 27 nm. Therefore, it is
expected that the thickness wells have more impact than the thickness of barriers. As a result,
sample A higher responsivity than sample C due to the higher thickness in their wells. Now, the
differences between samples B and C are QWs number and width of wells. Samples B and C have
9 and 10 QWs, respectively. Also, the thickness well is 12.5 and 14 nm for samples B and C,
respectively. Consequently, sample C has higher responsivity from sample B. In short, sample blue
for lighting (A2) has the highest responsivity among the InGaN/GaN MQW LEDs.
The D* depends on the responsivity and the area of the device. Since blue for lighting and
red for display (A2 and D2) have the highest responsivity and largest devices, they have higher
D* as compared to blue and green for display (B1 and C1). Furthermore, samples B2 and C2 show
similar D* as they have the same device size.
Although the general responsivity of PDs increases as the reverse voltage increase, some
PDs exhibit insensitivity to the reverse voltage depending on the diode type. On the other hand,
D* decreases for all PDs by applying the reverse bias. A high detectivity at zero biased condition
suggests a high rate of change of noise than that of responsivity when the applied bias increases.
This behavior indicates that the detectivity of the MQW structure is limited to the bias-induced
internal noise.

151

a

b

c

d

e

Figure 6.10 Four LEDs’ normalized emission spectra (solid) and spectral responses (dots) at (a)
77 K, (b) 300 K, (c) 500 K, (d) and 700 K. (e) normalized Emission and spectral response for
selected LEDs for target HT optocouplers.
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Table 6.1. shows the peak R and D* at 300, 500, and 800 K for the devices.
Temperature Sample

λ (nm)*

Peak R (A/W)

Bias (V)

A2
300
B2
C2
D2
A2
500
B2
C2
D2
A2
800
B2
C2
D2
* λ is the peak wavelength

411
411
437
620
418
423
443
646
428
430
455
647

0.093
0.035
0.038
0.23
0.11
0.031
0.034
0.25
0.16
0.020
0.019
0.20

-6
-6
-6
-2
-2
-4
-6
0
-2
0
-4
-4

Peak D* (cm. Hz1/2W-1) @
0 bias
1.37 X 1010
6.84 X 109
5.69 X 109
1.99 X 1010
1.26 X 1010
1.87 X 109
1.89 X 109
4.07 X 1010
3.94 X 109
9.34 X 108 (@ 700 K)
4.26 X 108
7.66 X 109

Table 6.2 shows the peak emissions and spectral response at 77, 300, 500, and 800 K for the
devices.

A
B
C
D

Peak emission wavelength (nm)
77 K
300 K
500 K
700 K
446
448
457
464
470
469
474
480
530
529
539
544
530
630
658
684

Peak spectral response wavelength (nm)
77 K
300 K
500 K
700 K
402
405
418
420
402
418
423
420
420
437
443
450
605
620
646
667

6.5 Conclusion
The work demonstrates the possibility of fabricating HT optocouplers with targeting
operating temperature of 500 K. Four LEDs are studies based on their emissions and spectral
responses. Blue for lighting (BL), blue for display (BD), green for display (GD), and red for display
(RD) are used in this article. The LEDs exhibit EL spectra up to 800 K with relatively high EQE.
Blue and green for display applications show higher EQE and lower efficiency droop with
temperatures than blue for lighting and red for display. Also, this work proves that LEDs can
function as PDs. In contrast with the LEDs, blue for lighting and red for display LEDs perform
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superior PDs than others. The measured responsivity varies from 0.031 to 0.25 A/W at 500 K,
depending on the type of the LED. The Figure of merit, D*, changes from 1.87x109 to 4.07x1010
cmHz1/2W-1 at 500 K. The EQE in temperature ranges from 77-800 K changes from 5 to 47 %,
depending on the type of the PD. Finally, the wavelength (matching) overlap between the LEDs
and PDs for different temperatures is demonstrated. First, the first possible couplings (LED-PD)
are (RD-RD) and (GD-RD) in temperature ranging 77- 300 K. Above 300 K, the potential
couplings are (RD-RD), (BL-GD), (BD-GD). Therefore, (RD-RD) confirms that it can be
employed by crossing all temperature due to the high overlap between its emission and spectral
response. In short, the results of the present indicate that LEDs can function as LEDs and PDs and
use them to fabricate HT optocouplers, which can be substituted with the bulky transforms in the
high-density power modules.
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Chapter 7 Growth and Characterization of SiGe on Different Substrates Using Chemical
Vapor Deposition System
This chapter is adapted from a published paper:
A. Sabbar, J. M. Grant, P.C. Grant, W. Dou, B. Alharthi, B. Li, F. Yurtsever, S. A.
Ghetmiri, M. Mortazavi, H. A. Naseem, S.-Q. Yu, A. Mosleh, and Z. Chen," Growth and
Characterization of SiGe on c-Plane Sapphire Using Chemical Vapor Deposition System," in the
Journal of Electronic Materials, vol. 49, no. 8, pp. 4809- 4815, 2020
7.1 Introduction
The microelectronics industry is driven using Si due to its low price and excellent
semiconducting properties, including high electron and hole mobility (p: 450 cm2 /V.s., n: 1400
cm2 /V.s) and high oxide quality. However, Si is not capable of keeping up with the pace of the
demand for increasing chipset clock frequency because of material property limitations such as
carrier mobility and bandwidth limitations due to the parasitic components of Si substrates [1]. Ge
has higher electron and hole mobility (p: 3900 cm2 /V.s, n: 1900 cm2 /Vs), and alloying Ge into
Si enables the material to benefit from the better electrical properties of Ge as well as using the
current fab infrastructure based on Si technology [2]. However, heat generation due to the parasitic
coupling of the fabricated devices on a common conductive substrate significantly limits the device
speed and bandwidth. In 1998, silicon-on-insulator (SOI) technology was developed [3] to provide
a nonconducting substrate, which allowed the fabrication of high-speed radiofrequency (RF)
communication circuits [4]. Combining SOI technology with Ge alloying has resulted in SiGe-oninsulator (SGOI) technology as well [5]. Different insulating substrates have been proposed,
including Si dioxide on Si and sapphire; however, the incompatibility of the substrates with the
top Si layer is a challenge. SiGe on sapphire (SGOS) is an essential approach for SGOI because
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sapphire substrates are one of the best insulators, and high-frequency parasitic coupling between
the semiconductor layer and the substrate can be avoided. Different methods have been adopted to
develop silicon-on-sapphire (SOS), SGOS, and SGOI technologies using r-plane sapphire
substrates due to the benefit of the alignment between the rectangular r-plane (1-202) of sapphire
with the square-faced (001) plane or rectangle-faced (110) plane of Si and Ge diamond structure.
However, it was found that this method frequently shows 90-rotated twin defects [6–8] Different
techniques have been developed to achieve SOS and SGOS due to incompatibility of the lattices
for direct growth of the materials. In the most common method, Si is implanted in the r-plane
sapphire to achieve an amorphous layer. The film is then crystallized through solid-phase regrowth
of the amorphized silicon, using the top silicon layer as seed [9]. A similar technique was
developed by Ge condensation on the SOI substrate [7]. In this technique, a high concentration of
Ge is deposited on Si. After thermally oxidizing the substrate, the SiGe layers are ejected from the
oxide interface, and a fully relaxed SiGe layer forms on top. The complications of this method
encouraged the development of a wafer-bonding technique for transferring the Si (Ge) film on
sapphire. In the third method, hydrogen implantation is employed to separate a thin SiGe layer
from graded SiGe substrates. However, these techniques are all complicated, making industrial
scaling difficult [10]. Recently, Park et al. successfully developed a method for direct epitaxial
growth of SiGe on c-planes (0001 planes) by introducing rhombohedral growth using a sputtering
technique [5]. The quality of the growth was high, without using complicated steps of implantation
or film transfer. The SiGe films were grown on trigonal sapphire (0001) substrates with a growth
temperature of 450-890 °C using a sputtering technique. The growth at lower temperatures showed
twin defects with 60 rotations in domain orientation compared to the dominant crystalline domain.
However, a single-crystalline SiGe (111) film was achieved at a growth temperature of 890 °C [8].
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Although these results show the possibility of growing SiGe on c-plane sapphire, the growth
method is not industrially scalable. In this work, we have adopted chemical vapor deposition
(CVD) as an industrially scalable technique for the growth of SiGe on c-plane sapphire as well as
on Si (100) and Si (111) for calibration purposes. The SiGe alloys are grown using commercially
available precursors of silane (SiH4) and germane (GeH4). The deposited SiGe films are
characterized by different methods to investigate their material and optical properties. The optical
characterization of the films is performed using Raman spectroscopy and ellipsometry. X-ray
diffraction (XRD) characterization is performed to study the crystallinity of the alloys.
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) techniques are
utilized to investigate the crystal structure and surface morphology of the films.
7.2 Experiment
7.2.1 Deposition Method
All material growth was performed using Si (100), Si (111), and c-plane (0001) sapphire
substrates. The wafer sizes were 4-inch and 2-inch for Si and sapphire, respectively. Si wafers
were cleaned using a standard clean 1 and 2 (SC-1/SC-2) RCA wet etching method. Piranha
etching was used for 10 min to clean the Si wafers. Then, the Si wafers were dipped in dilute
hydrofluoric acid (HF) solution [H2O: HF (10:1) with 48% pure HF] for 2 min to eliminate native
oxide and passivate the wafer surface with hydrogen. In the end, nitrogen gas was employed to
blow-dry the wafers prior to placing them in the load-lock chamber of the CVD system. Due to
the transparency of sapphire, the backside of sapphire was coated with 1-lm-thick titanium layers
using an electron beam evaporator to absorb the heat from the infrared radiation of the heater. To
raise the substrate to the required temperature for the epitaxy of SiGe, the samples were soaked at
a set temperature for 30 min before growth. The sapphire was then cleaned using methanol and
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loaded directly into the load lock after drying with nitrogen. Material growth was carried out in a
custom-built cold-walled ultrahigh vacuum CVD unit described by Mosleh et al. [11] and chapter
2. It consists of a load lock chamber with a maximum vacuum of 10−9 torr and a process chamber
with a base pressure of 10−10 torr. The growth was achieved using GeH4 and SiH4 as precursors
and argon (Ar) as the carrier gas. The flow rates of Ar and GeH4 were fixed at 10 and 25 standard
cubic centimeters per minute (sccm) for all samples, respectively. The flow rate of SiH4 was varied
from 2 to 10 sccm to achieve different alloy composition. The growth temperature was 500- 650
°C, while the chamber pressure was fixed at one torr for all samples.
7.2.1 Characterization Methods
Following the growth process, the samples were characterized using a J.A. Woollam VVase ellipsometer to record the absorption coefficient spectra and film thickness. The ellipsometry
measurements were conducted at a single angle of 70. Raman spectroscopy of the samples was
performed using a Horiba LabRAM HR Evolution Raman spectrometer with a 532 nm laser as an
excitation source. The crystallinity and lattice constant of the films were measured using a
PANalytical Phillips X’Pert PRO XRD system that was equipped with a parabolic mirror and a
four-bounce Ge (220) monochromator. Transmission electron microscopy (TEM) was used to
study the crystallinity of the films, and atomic force microscopy (AFM) was used to study the
surface morphology. All characterization was carried out using room temperature measurements.
The details of characterization methods can be found in chapter 2.
7.3 Results
7.3.1 SiGe on Si (100)
The growth of SiGe was done with the intention of using the growth results as a comparison
for the planned growths on c-plane sapphire. The growth temperature was ranged from 500-650
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°C. The flow rates of Ar and GeH4 were fixed at 10 and 25 standard cubic centimeters per minute
(sccm) for all samples, respectively. The flow rate of SiH4 was varied from 2 to 10 sccm to
accomplish different alloy compositions. The growth pressure was fixed at one torr. Table 7.1
shows the growth matrix for the deposition of SiGe on Si (100). Table 7.1 shows the growth matrix
that was used in this growth.
Table 7.1 Growth matrix of SiGe on Si (100) samples.
Sample #

Silane/Germane Flow
Ratio

Pressure (Torr)

Time (min)

Temperature (°C)

A

2:5

1

15

500

B

2:5

1

15

550

C

2:5

1

15

600

D

2:5

1

15

650

E

1:5

1

15

600

F

3:5

1

15

600

G

4:5

1

15

600

H

1:1

1

15

600

7.3.1.1 Ellipsometry Measurements
Figure 7.1 shows the spectroscopic ellipsometry technique, which was utilized to measure
the thickness and roughness of films. Spectroscopic ellipsometry of the samples shows the
absorption cutoff shifted from 1550 for reference Ge toward shorter wavelengths as the
incorporation is Si increased in the films.
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Figure 7.1. The absorption cutoff wavelengths for the Ge reference and SiGe on Si (100) sample.
The growth rate as a function of temperature and the silane (SiH 4) flow rate is shown in
Figure 7.2 (a) and (b), respectively. The growth rate is decreased from 258 to 197 nm/min as the
temperature is increased from 500 to 600 °C and then increased to 202 nm/min at 650 °C. On the
other hand, the growth is increased from 191 to 280 nm/min by increasing the silane flow rate
from 2 to 10 sccm.

a

b

Figure 7.2. (a) The growth rate of the samples as a function of temperatures. (b) The growth rate
of the samples as a function of the saline flow rate.
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7.3.1.2 Raman Measurements
Figure 7.3 (a) shows the Raman spectroscopy of sample C. Measurements were performed
on three spots from the center of the wafer to the edge: I, II, and III in order to examine the growth
uniformity. It is observed a shifted Ge-Ge LO peak from the reference peak position. The shift
towards lower wavenumbers, as well as the presence of SiGe peak around 395 cm 1, indicates the
incorporation of Si in the Ge lattice. Figure 7.3 (b) shows an increase in the intensity of the peak
for higher growth temperatures indicating achievement of higher material quality of the samples.

a

b

Figure 7.3. The Raman spectra of the SiGe on Si (100) substrates show a shift in the Ge-Ge peak
from 300 cm-1 for bulk Ge lower wavenumbers. (a) Raman spectral of sample C. (b) The Raman
spectra of samples grown at 500, 550, 600, and 650 °C.
7.3.1.3 XRD Measurements
The crystallinity and lattice constant of the films were measured using the XRD technique.
Figure 7.4 shows a typical 2Theta-Omega XRD scan or so-called rocking curve (RC) scan of SiGe
samples grown on Si (100) substrates. Figure 7.4 (a) shows the RC for samples were grown at
different temperatures. It can be seen that the intensity is almost the same regardless of the growth
temperature, with an intensity of 105 cps. The peaks located at 69° belong to Si (100) substrates,
and the peaks observed at 66.5° belong to SiGe epilayer. Figure 7.4 (b) illustrates the RC of SiGe
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grown with different saline flow rate while the germane flow and other growth conditions are
fixed.

Si (100) substrate
Si (100) substrate

SiGe epilayer
SiGe epilayer

Figure 7.4. (a) 2Theta-Omega XRD pattern from (004) plane of the samples with a different
temperature showing Si (100) and SiGe peaks. (b) 2Theta-Omega XRD pattern from (004) plane
of the samples with a different flow rate of saline showing Si and SiGe peaks. FWHM of samples
is ~ 0.16-0.22.
To find the exact peak positions, the 2θ-ω plots were fitted using Bi-gaussian and Gaussian
methods. The results from the fittings were further analyzed using the same process using Eq. 1,
Eq. 2, and Eq. 3 and shown in Table 7.2. The results from the calculations listed in Table 1
provided a d-spacing that ranged from 1.39 to 1.40 Å for films. The lattice constants ranged from
5.58 to 5.63 Å for films. Moreover, sample E (grown at 600 °C) has a good quality with lower
FWHM and surface roughness.

𝑑ℎ𝑘𝑙 =

𝜆
2𝑠𝑖𝑛𝜃ℎ𝑘𝑙

(1)

where 𝑑ℎ𝑘𝑙 is the d-spacing, λ is the Cu Kα1 wavelength with a value of 1.5406 Å, and 𝜃ℎ𝑘𝑙 fitted
peak angle for the plot in radians [12].
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This d-spacing calculation was used to determine the lattice constant using Bragg’s law in Eq. 2:

𝑎0 =

𝑑ℎ𝑘𝑙

(2)

√ℎ2 + 𝑘 2 + 𝑙 2

where the parameter 𝑎0 is the lattice size, 𝑑ℎ𝑘𝑙 is the d-spacing from Eq. 1, and h, k, and l are the
vectors of the reciprocal space for the material being investigated [12]. The mole fraction of Si
was calculated by incorporating the results from Eq. 2 into Eq. 3 from Vegard’s law for binary
alloys:
𝑆𝑖 𝐺𝑒1−𝑥

𝑎0 𝑥
𝑆𝑖 𝐺𝑒1−𝑥

where 𝑎0 𝑥

= (1 − x)𝑎0Ge + 𝑎0Si − 𝑏 𝑆𝑖𝐺𝑒 𝑥(1 − 𝑥 )

(3)

, 𝑎0Ge , and 𝑎0Si are the lattice constants of SixGe1-x, Ge, and Si, respectively. The

bowing parameter of SiGe is taken as 𝑏 𝑆𝑖𝐺𝑒 = 0.026 nm [13].
Table 7.2 Calculated values of d-spacing, Lattice constant, and incorporation percentages from
XRD-RC 2θ- ω Peak Position with the Full-Width Half Max (FWHM) of the peaks of the SiGe
on Si (100).
Sample
Sample
Surface
FWHM Position d-Spacing
Lattice
Si mole
#
thickness(nm) roughness(nm)
(°)
(°)
(A°)
Constant(A°) fraction (%)
A

3874

4

0.20

66.54

1.40

5.61

16.11

B

3517

4.4

0.20

66.55

1.40

5.61

16.39

C

2956

2.4

0.17

66.53

1.40

5.61

15.89

D

3021

5.5

0.18

66.54

1.40

5.61

16.18

E

2868

2.5

0.16

66.32

1.40

5.63

8.83

F

3407

12

0.22

66.70

1.40

5.60

20.87

G

3634

4

0.18

66.82

1.39

5.59

24.26

H

4205

4

0.19

67.01

1.39

5.58

29.37
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It can be seen in Figure 7.5 that Si incorporation has a linear relationship with the silane flow rate.
The Si incorporation is increased from 8.83 to 29.37 % as the silane flow rate is increased from 2
to 10 sccm.

Figure 7.5 Si incorporation is increased at higher SiH4 flow rates.
7.3.2 SiGe on Si (111)
SiGe films have been grown on Si (111) substrates to benchmark the SiGe on c-plane
sapphire. The main reason for this growth matrix is that the plane on which SiGe grows (c-plane)
Sapphire is (111). Therefore, to find the best growth rates, SiGe on Si (111) was grown before
sapphire. Figure 7.4 (a) shows the peak intensity of XRD-RC is very similar regardless of the
growth temperature. Thus, the growth temperatures were kept at 600 °C, while saline flow rates
were varied. Table 7.3 shows the growth matrix of SiGe on Si (111) substrates.
7.3.2.1 Ellipsometry Measurements
Figure 7.6 (a) shows the typical absorption cutoff of SiGe on Si (111) substrates. The
absorption cutoff shifted from 1550 for reference Ge toward shorter wavelengths as the
incorporation is Si increased in the films. Figure 7.6 (b) reveals the growth rate as a function of
the silane flow rate of SiGe samples grown on Si (100) and Si (111) substrates. It can be observed
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that the growth rate is decreased overall by changing the substrate. Furthermore, the growth rate
is decreased by 2.5- 4 times by changing the substrate from Si (100) to Si (111). Moreover, sample
B from Figure 7.5 (b) is not following the trend. Therefore, it was considered an outlier, and it was
eliminated from further characterizations.
Table 7.3 Growth matrix of SiGe on Si (111) samples.
Sample #

Silane/Germane Flow
Ratio

Pressure (Torr)

Time (min)

Temperature (°C)

A

1:5

1

15

600

B

2:5

1

15

600

C

3:5

1

15

600

D

4:5

1

15

600

E

1:1

1

15

600

a

b

Figure 7.6. (a) The absorption cutoff wavelengths for the Ge reference and SiGe on Si (111) sample
B. (b) The growth rate of the samples SiGe on Si (100) and Si (111) as a function of the saline
flow rate.
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7.3.2.2 Raman Measurements
Figure 7.7 reveals the Raman spectroscopy of the sample E. Measurements again were
performed on three spots from the center of the wafer to the edge: I, II, and III to examine the
growth uniformity. It is observed a shifted Ge-Ge LO peak from the reference peak position. The
shift towards lower wavenumbers, as well as the presence of SiGe peak around 398 cm 1, indicates
the incorporation of Si in the Ge lattice.

Figure 7.7. The Raman spectra of the typical SiGe on Si (111) substrates (sample E) shows a shift
in the Ge-Ge peak from 300 cm-1 for bulk Ge lower wavenumbers.

7.3.2.3 XRD Measurements
Figure 7.8 reveals the RC for SiGe samples that were grown Si (111) substrates with
different silane flow rates, while other growth conditions are kept unchanged, keeping as shown
in Table 7.3. The peak intensities of the samples that grown with the same conditions are very
close regardless of the substrate type. For example, the sample with a flow rate of silane of 6 sccm
shows the lowest peak intensity as well as the highest surface roughness for both substrates. The
peaks located at 28.5° belong to Si (111) substrates, and the peaks observed at (27.4-27.5) ° belong
to SiGe epilayer. Table 7.4 summarize the calculations that were obtained from RCs. It can be seen
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from Figure 7.8 (b) that under the same growth conditions, the incorporation of Si is lower on Si
(111) as compared to Si (111) substrates.

Si (111) substrate
SiGe epilayer

a

b

Figure 7.8 (a) reveals 2Theta-Omega XRD pattern from (004) plane of the samples with a different
flow rate of saline showing Si (111) and SiGe peaks. FWHM of samples is ~0.12-0.18. (b) Si
incorporation for samples grown on Si (100) and Si (111) substrates.
Table 7.4 Calculated values of d-spacing, Lattice constant, and incorporation percentages from
XRD-RC 2θ- ω Peak Position with the Full-Width Half Max (FWHM) of the peaks of the SiGe
on Si (111).
Sample
Sample
Surface
FWHM Position d-Spacing
Lattice
Si mole
#
thickness(nm) roughness(nm)
(°)
(°)
(A°)
Constant(A°) fraction (%)
B

759

1

0.188

27.43

3.24

5.62

12.15

C

952

2

0.140

27.53

3.23

5.6

19.65

D

1486

1

0.145

27.57

2.23

5.6

22.68

E

1426

1

0.124

27.58

3.23

5.6

23.39
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7.3.3 SiGe on Sapphire (Al2O3)
The growth conditions of SiGe on sapphire samples are summarized in Table 7.5.
Table 7. 5 Growth matrix of SiGe on sapphire samples.
Sample #

Silane/Germane Flow
Ratio

Pressure (Torr)

Time (min)

Temperature (°C)

A

1:5

1

15

550

B

2:5

1

15

500

C

2:5

1

15

550

D

2:5

1

15

600

E

4:5

1

15

550

7.3.3.1 Ellipsometry Measurements
Figure 7.9 (a) represents the typical absorption coefficient of sample D. The absorption
cutoff wavelengths for the Ge reference sample is observed at 1550 nm, which corresponds to the
direct band edge (C), while the absorption coefficient for sample D is found at 1000 nm. A small
peak is observed at a higher wavelength for the SiGe films, which is attributed to the indirect band
edge of the alloy. Figure 7.9 (b) shows the temperature-dependent growth rate. It can be seen that
the highest growth rate was achieved at 600 °C, with a value of 50 nm/min. It indicates
incorporation of Si into the lattice is responsible for the increased growth rate, and for more
evidence, the growth rate as a function of the flow rate of SiH4 is plotted and shown in Figure 7.9
(c). The growth rate of SiGe is almost doubled by increasing the flow rate of SiH 4 from 2 to 8
sccm.
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Figure 7.9 (a) Typical absorption cutoff wavelengths for the Ge reference and SiGe samples
(Sample D) measured by spectroscopic ellipsometry. The high error in fitting the data for A did
not result in reliable absorption data. (b) The temperature-dependent growth rate in nm/min. (c).
The growth rate of SiGe as a function of the SiH4 flow rate from 2 to 8 sccm.
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7.3.3.2 Raman Measurements
Raman spectroscopy was performed to explore the effect of temperature and flow ratio in
material quality as well as Si incorporation. Three separate peaks are observed in the Raman
spectra of the SiGe films: Ge-Ge peak at 300 cm-1, Si-Ge peak at 400 cm-1, and the weak peaks
found at 450 cm-1, which are attributed to shifted Si peaks [14]. The shift in the Ge-Ge and Si-Ge
longitudinal optical (LO) peak is due to the incorporation of Si in Ge lattice. Figure 7.10 (a) shows
the Raman spectra of the samples grown at different temperatures (500–600 °C) with fixed
silane/germane flow ratios. The peak position of Si-Ge and Ge-Ge for the three samples B, C, and
D are almost the same. The GeGe peak is located at 297 cm-1, and the Si-Ge peak is observed at
396 cm-1. However, the increased intensity of the peak for higher growth temperatures indicates
the achievement of higher material quality of the samples. The change in the flow ratio of silane/
germane caused both the peak position and the peak intensity to change for samples A, C, and E.
Figure 7.10 (b) shows that as the flow ratio of silane/ germane increases, the peak intensity
decreases, which indicates degradation of material quality as the Si adatoms have lower mobility
in comparison with Ge. Figure 7.10 (c) is the normalized curves for a better comparison of the
peak positions. It can be seen for samples A, C, and E, both Si-Ge and Ge-Ge peak positions are
shifted. The Ge-Ge LO peak is shifted to lower wavenumbers (from 298 cm-1 to 295 cm-1 ), and
the Si-Ge LO peak is shifted towards higher wavenumbers (from 392 cm-1 to 401 cm-1: towards
the Si-Si peak position: 520 cm-1). Such Raman shift in the peak positions and their relative
intensities indicate that Si incorporates more because of increasing the silane flow rate while the
material quality decreases.
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Figure 7.10 The Raman spectra of the SiGe on the sapphire sample shows a shift in the Ge-Ge
peak from 300 cm-1 for bulk Ge lower wavenumbers. The shift in the Ge-Ge peak is due to the
incorporation of Si in the Ge lattice. The Si-Ge peak observed at 400 cm-1 and the peaks observed
at 450 cm-1 are attributed to shifted Si peaks. (a): Shows the comparison of the Raman spectra for
samples grown at a fixed ratio and changing growth temperature (500–600 °C). (b) and (c) Stacked
and normalized Raman spectra for the sample grown at 550 °C and different flow rates of SiH4
(Color Figure online).
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7.3.3.3 XRD Measurements
Figure 7.11 (a) shows typical 2Theta-Omega rocking curves (RC) for the samples. The
main dominant peak located at 41.7 is attributed to the (0006) plane of Al2O3 substrate (sapphire),
while the peaks that appear at 27.3 to 27.6 are assigned to (111) SiGe films. Figure 7.11 (b) is
plotted to investigate further how the temperature and flow ratio change the intensity and peak
position. The peak position does not change for samples grown at a fixed flow ratio (B, C, and D);
however, the peak intensity changes as the temperature increases from 500 °C to 600 °C. On the
other hand, for the samples grown at a fixed temperature of 550 °C, the peak position is shifted by
0.4 as the SiH4 flow rate changed from 2 to 8 sccm.

Figure 7.11 2Theta-Omega XRD results for SiGe on sapphire substrates (0001). (a) A wide scan
shows SiGe (111) as well as Al2O3 (0006) peaks. (b) Comparison of SiGe (111) peaks (Color
Figure online).

To find the exact peak positions, the 2hx plots were fitted using bi-Gaussian and Gaussian
methods again to calculate the d-spacing, lattice constant, and si mole fraction (%) as it can be
seen in Table 7.5. The d-spacing ranged from 3.23 A˚ to 3.25 A˚ for the SiGe (111) films, while
the lattice constants varied from 5.60 A˚ to 5.64 A˚ for films. Also, sample (D) has a lower full
width at half maximum (FWHM) and higher intensity, which proves with the studies on the SiGe
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on Si (100) and Si (111). Therefore, the sample grown with a flow rate of SiH4 of 4 sccm regardless
of the substrate type shows higher material quality than other samples, so further characterization
was performed on this sample using TEM.
Table 7.5 Calculated values of d-spacing, Lattice constant, and incorporation percentages from
XRD-RC 2θ- ω Peak Position with the Full-Width Half Max (FWHM) of the peaks the SiGe on
sapphire.
Sample #

FWHM (°)

A
B
C
D
E

0.237
0.247
0.241
0.226
0.235

Position (°)
27.340
27.454
27.445
27.444
27.567

d-Spacing
(A°)
3.25
3.24
3.24
3.24
3.23

Lattice
Constant(A°)
3.25
5.62
5.62
3.24
3.23

Si mole
fraction (%)
4.95
13.9
13.2
13.1
22.4

7.3.3.4 TEM and AFM Measurements
Sapphire and SiGe are dissimilar crystal structures; therefore, TEM analysis was performed
to investigate the crystal quality and the growth mechanism of the films. The TEM images show
that SiGe is epitaxially grown on the sapphire substrate; however, the formation of the defects at
the interface has degraded the crystal quality. The arrows in Figure 7.12 (a) show the propagation
of the defects throughout the film, which was initiated at the interface. The zoom-in TEM image
in Figure 7.12 (b) more clearly shows that there is a transition between the two dissimilar crystal
structures. Figure 7.12 (c) shows the energy-dispersive x-ray spectrum of the elements where Al
and O belong to the bottom layer, and Si and Ge belong to the top layer. The copper peaks are due
to the copper TEM grid of the sample. Figure 7.12 (d) is a high-resolution TEM image taken from
the interface of the SiGe/sapphire layer. The zoom-in TEM image (Figure 7.12 (e)) shows that the
top SiGe crystal plane (red dotted lines) is well aligned with the bottom sapphire (blue dotted
lines). It also shows that there is a transitional stage between the two dissimilar structures. The
dotted green lines show that two layers of SiGe are within the transitional stage from a trigonal
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structure to the diamond cubic structure. It also shows that the SiGe crystal is well aligned with
the sapphire substrate after the transitional stage. The start of the gliding planes could be attributed
to the transitional stage, where a low-quality layer with different orientations was formed, which
could be a reason for the formation of defective layers. The crystal quality of the sample was also
checked by taking the fast Fourier transform (FFT) (Figure 7.12 (f))), where it also shows that the
top SiGe layer is highly crystalline. As the FFT is taken from a very small zoomed-in area, only
one set of reflection is observed, which does not show the granularity in the film.

Figure 7.12 (a) TEM image of the SiGe/sapphire film. (b) Zoomed-in TEM image from the
interface of SiGe and sapphire. (c) Energy dispersive x-ray spectrum of the elements where Al and
O belong to the bottom layer, and Si and Ge belong to the top layer. (d) A high-resolution TEM
image shows highly oriented SiGe layers on the sapphire substrate as well as the formation of a
transitional layer. (e) The zoomed-in high-resolution TEM image shows the top SiGe crystal
planes (red dotted line), and the bottom sapphire crystal planes (blue dotted lines) are well aligned.
The interface of the two crystal structures shows that two layers of the transitional crystal structure
(green dotted lines) are formed between the two dissimilar structures. (f) The fast Fourier transform
of the SiGe layer confirms the high crystallinity of the layer with clear reflection from different
crystalline planes (Color Figure online).
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The high surface roughness of the films is also observed in the atomic force microscopy
image of the films, as can be seen for a typical sample (sample D) in Figure 7.13. The surface
roughness of the samples ranged between 39 and 67 nm (RMS). However, there was no correlation
between the growth temperature and surface roughness. This indicates that in the range of 500–
600 °C, the growth mode was the same, which resulted in similar rough surfaces. The high surface
roughening observed in the TEM and AFM scans can be attributed to the nucleation mechanism
at the interface of the two crystals. Due to the large lattice mismatch and high interfacial energy,
the deposited adatoms form three-dimensional (3D) islands and grow in the Volmer–Weber (VW)
growth mode rather than a two-dimensional (2D) layer-by-layer mode. The 3D islands will merge
as the growth continues; however, they result in slip planes at the boundary of the two islands. The
two arrows in Fig. 4a shows the boundary of the two merging islands. In addition, although these
two islands have the same growth direction, they can have two different symmetric configurations.
As explained by Wegscheider et al. [15] and Wegscheider and Cerva,[16], the successive glides
of Burgers vector a/6[112] on the adjacent {111} planes result in the formation of micro-twins, as
we can see in the TEM images [17].

Figure 7.13 The AFM image of sample D for a 10X10 um scan range with 56.91 nm (rms) surface
roughness.
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Further TEM analysis, along with the XRD Phi scan of the film, shows that micro-twinning
is present in the films. SiGe crystal on the sapphire substrate can have two different orientations,
as proposed by Choi et al. Two orientations of cubic crystals can exist in the rhombohedral epitaxy
of the films with (111)-oriented cubic crystals on the basal c-plane of trigonal sapphire crystals.
The formation of these two orientations results in the twinning of the grown crystal. Figure 7.14
(a) shows the two possible orientations with 60 rotation in the {111} plane on c-plane sapphire.
To investigate the presence of such twinning, the samples were characterized by a Phi ( Φ) scan
XRD. As the films are SiGe (111) on c-plane sapphire (0001), the asymmetric (104) sapphire plane
was chosen for the Phi scan to be able to observe the symmetric peaks. As SiGe (004) planes have
the same direction as sapphire (104), the XRD Phi scans along with that direction show both peaks.
The XRD image in Figure 7.14 (b) shows peaks from both SiGe and the sapphire substrate,
revealing that the two proposed orientations exist. The dark-field TEM of the samples also reveals
that two different regions exist in the grown films. The reason for the darkness or brightness of
films is the difference in the orientation of the atoms that would block the transmission of the
electron beam
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Figure 7.14 (a) The two possible ordinations of SiGe (111) on Sapphire (0001). (b) The Phi scan
of all samples. Three major peaks are observed, representing the sapphire substrates are aligned
with (104) planes and noted by the red color. Six minor peaks are from SiGe (004) planes. 60°
difference in angle between each major and minor indicates the presence of twins in the structure.
(c) Darkfield TEM image of the sample shows two distinct regions, indicating two different
orientations of the atoms.
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7.4 Conclusion
The growth of SiGe films was achieved using a single-step CVD method directly on a
Sapphire substrate as an industrially scalable method. The optical and material characterization of
the samples shows the successful crystalline growth of the SiGe films. SiGe alloys with 4.9-22.4
% Si incorporation show the possibility of growing different compositions using the CVD method
on a c-plane sapphire substrate. The structural analysis of the samples shows that the grown films
are single crystal in the (111) direction; however, two different orientations exist in the grown
crystal. Comparison of the results (growth at maximum 600 °C) with the previously reported
growth using a sputtering technique (growth at 890 °C) shows that higher growth temperature is
needed to reduce the twinning in the crystal structure.
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Chapter 8 Summary and Future Work
8.1 Summary
In summary, this dissertation can be divided mainly into two parts, which involved harsh
environment applications. The first part of this dissertation is dealing with the high-temperature
characterizations of optoelectronic materials and devices (Light-emitting diodes (LEDs) and
photodetectors (PDs) for high-temperature optocouplers. The second part of this dissertation is
dealing with SiGe growth and characterizations for high-speed applications (NASA applications).
8.1.1 High-Temperature Characterization of Optoelectronic Materials and Devices
8.1.1.1 High-Temperature Characterization of Optoelectronic Materials
Commercially available optoelectronic materials: blue for lighting (BL), blue for display
(BD), Green for display (GD), and red for display (RD) with various wavelengths were studied
this dissertation. The BL, BD, and GD are InGaN based, while RD AlGaInP based. All samples
were studies in temperature ranging from 10 K to 800 K using temperature- and powerphotoluminescence (PL) measurements, which were conducted to estimate the spontaneous
emission quantum efficiency (QE) for these materials. As the temperature was increased from 10
K to 800 K, the integrated PL intensity was dropped by one order of magnitude. The spontaneous
emission QEs of all LED materials were calculated using the ABC model.
The ABC model is the simplest and most popular model for calculating the IQE of InGaN
LEDs. In this model, three recombination processes of the electron and hole in the active region
are considered. The recombination processes are known as nonradiative Shockley-Read-Hall
recombination, radiative recombination, and non-radiative Auger recombination. The ABC model
is used normally utilized up to moderate temperatures such as 300–400 K. However; it was
extended up to 800 K in this dissertation.
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The structural difference across the LED samples has a pronounced effect on the QE drop
at higher temperatures. The LED structure has three main difference buffer layers (GaN or AlN),
pre-quantum well (a layer underneath the quantum wells), and the number of quantum wells in the
active regions.

It was noticed that the highest spontaneous emission QE values at high

temperatures were obtained from the samples, which have the GaN buffer layers, high QW
numbers, and are without pre-MQW layers. GD exhibits the highest QE in the temperature range
of 100-800 K, followed by BD, BL, and RD. The highest peaks of the spontaneous emission QE
are obtained from GD and BD around 83% and 60 % at 500 and 800 %, respectively. Moreover,
GD and BD need lower injection levels compared to BL and RD. Furthermore, it is worth
mentioning that the integrated PL intensity was reduced by one order of magnitude at 800 K as
compared to 10 K. These results prove the excellent potential for the commercial LEDs for display
and lighting to be employed in the field of high-temperature optoelectronics since the samples
show relatively high values of QE. Therefore, optoelectronic devices (LEDs and PDs) from these
materials had the attention to be studied at high temperatures so that LEDs and PDs can be utilized
to fabricate high-temperature optocouplers.
8.1.1.2 High-Temperature Characterization of Optoelectronic Devices
The BL, BD, GD, and RD LEDs are studied at various temperatures for their emissions
and spectral responses.
The LEDs exhibit EL spectra up to 800 K with relatively high EQE. GD and BD
applications show higher EQE and lower efficiency droop with temperatures than BL and RD.
Also, in this dissertation demonstrated that LEDs could function as PDs. However, in contrast with
the LEDs, BL and RD LEDs perform superior PDs than GD and BD samples. The measured
responsivity varies from 0.031 to 0.25 A/W at 500 K, depending on the type of the LED. The
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Figure of merit, D*, changes from 1.87x109 to 4.07x1010 cmHz1/2W-1 at 500 K. The EQE in
temperature ranges from 77-800 K changes from 5 to 47 %, depending on the type of the PD.
Moreover, the wavelength (matching) overlap between the LEDs and PDs for different
temperatures is demonstrated for selecting a good coupling between the LEDs and PDs. First, the
first possible couplings (LED-PD) are (RD-RD) and (GD-RD) in temperature ranging 77- 300 K.
Above 300 K, the potential couplings are (RD-RD), (BL-GD), (BD-GD). Therefore, (RD-RD)
confirms that it can be employed by crossing all temperature due to the high overlap between its
emission and spectral response. In short, the results of the present indicate that LEDs can function
as LEDs and PDs and use them to fabricate HT optocouplers, which can be substituted with the
bulky transforms in the high-density power modules.
8.1.2 SiGe Growth and Characterization for High-Speed Electronics
SiGe films were grown on Si (100), Si (111), and Al2O3 (sapphire) substrates using UHCCVD. The growth of SiGe on Si substrates was done with the intention of using the growth results
as a comparison for the planned growths on c-plane sapphire. The growth of SiGe on sapphire
films was achieved using a single-step method directly on a Sapphire substrate as an industrially
scalable method. The optical and material characterization of the samples shows the successful
crystalline growth of the SiGe films. SiGe alloys with 4.9-22.4 % Si incorporation show the
possibility of growing different compositions using the CVD method on a c-plane sapphire
substrate. The structural analysis of the samples shows that the grown films are single crystal in
the (111) direction; however, two different orientations exist in the grown crystal. Therefore, the
growth temperature is needed to reduce the twinning in the crystal structure.
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8.2 Future Work
8.2.1 SiGe on Sapphire Substrates
8.2.1.1 Sapphire Preparation
The preparation of the sapphire substrate surface plays a key role in determining the SiGe
film quality. This agrees with previous reports that the sapphire wafer treatment before deposition
of an epilayer has effectively reduced twinning. More specifically, surfaces with clear step-terraces
have generally been effective in encouraging a layer-by-layer growth mode and are widely used
to control both the quality and orientation of epilayer. The 2-inch c-plane sapphire wafers are
cleaned first with acetone. After that, atomic force microscopy (AFM) was used to check the
morphology, as shown in Figure 8.1 (a). Then, the sapphire substrates were annealed at 1200 °C
for 4 hours. Then, AFM images were taken to exam the surface treatments. A prominent step is
shown after the annealing.

(a) As received

(b) After the annealing

Figure 8.1. (a) and (b) shows the AFM images for the sapphire substrates as received and after
the annealing for 4 hours at 1200 ºC.

8.2.1.2 Rhombohedral SiGe Growth
To obtain, Single crystal SiGe, a nucleation layer is required as it was proven by NASA.
Also, a single crystal of GaAs on sapphire was obtained only by inserting 5 nm of the AlAs layer.
Since GaAs and SiGe have similar structures, the analogy will be similar.
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Dr. Sang Choi and his team NASA have achieved the single crystal of SiGe with high-quality
materials using si as a so-called intermediate layer. 10-nm strained of Si t is deposited before the
growth of SiGe. The effect of this layer can be seen in Figure 8.2 [1]. The direct SiGe/Al2O3 films
were of poor quality, where 10-15% of the surface comprised of the minor twin, and both twins
yielded broad, low-intensity peaks.

Figure 8.2. 2θ-ω (top) and φ-Ge {220} (bottom) angle XRD scans of SiGe/Al2O3 vs.
SiGe/Si/Al2O3. Both films with the Si intermediate layer (SG706 and 708) indicate a significantly
greater crystal quality. Lower substrate temperatures were utilized in the SiGe/Al2O3 to account
for the lower Ge melting point. 2θ-ω peak shifts arise from a change in SiGe composition.

B) Growth on r-plane sapphire has a better lattice match between SiGe and sapphire than c-plane
sapphire.
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8.2.1.3 High-Speed Device Development using SiGe on Sapphire
Current space communications extensively utilize HBT, HEMT, and MOSFET devices to
transmit and receive the RF signals for communications. Since the replacement of Si on sapphire
with SiGe layer will dramatically improve the mobility of electrons and holes, the carrier mobility
and velocity will show the dependence of the band structure on Ge compositions. Therefore, SiGe
on sapphire holds great promise to be used in space communication devices.
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